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T Air temperature

T Temperature scaling parameter

Ts Sea Skin temperature or sea surface temperature
Ty Virtual temperature

u Wind speed

u* Friction velocity

Us Water current speed

Xr Any variable measured at the reference height
Zo Surface roughness length

Z; Standard reference height or observing height
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EXTENDED ABSTRACT

This report presents the results from the U.S. Department of the Interior, Minerals
Management Service (MMS) atmospheric boundary layer (ABL) study. Observations and model
predictions from the Gulf of Mexico were analyzed with a focus on better parameterizing the
over-water ABL. In addition, the ABL results were used to calculate the transport and dispersion
of pollutants in the western and central Gulf of Mexico.

The analysis incorporated new observations of vertical profiles in the ABL from six
meteorological stations in the Gulf of Mexico. These stations include 915-MHz radar wind
profilers (RWP), 2-KHz Radio Acoustic Sounding Systems (RASS), and surface meteorological
stations. Two stations collected ABL data for three years from May 1998 through October 2001,
and four stations collected data from September 2000 through October 2001. The RWPs and
RASS measure winds and virtual temperatures (T,), respectively, from near the surface to
heights of a few kilometers, and the surface stations measure skin temperature as well as wind
speed, wind direction, air temperature, and water vapor mixing ratio at an elevation of about
25 mon an oil platform. In addition to the new data from the vertical profilers, routine
meteorological observations from buoys and from shoreline stations were included in the
analysis.

The new and routine data collected were analyzed to investigate the over-water surface
energy balance, the climatology of latent heat versus sensible heat fluxes, mixing depths, the
frequency of occurrence of very stable conditions, and the horizontal spatial variability of wind
speed and direction. Estimates of the scaling velocity (u*) and scaling temperature (T*) were
studied. Three-dimensional prediction fields of surface winds, heat and momentum fluxes, and
wind profiles from the National Center for Environmental Protection’s (NCEP) Eta model were
compared with the observations from the RWPs and buoys. The annual, seasonal, and diurnal
variations of the ABL characteristics were determined. Using the new data as inputs, test runs
with CALMET and CALPUFF were made for several case study periods to determine typical
plume trajectories and relative dispersion rates. The various data sets described above were
collected and quality assurance/quality control (QA/QC) procedures were applied to produce a
single, user-friendly database.

EA.1 DELIVERABLES AND CONCLUSIONS

e Data collected as part of this study, as well as other relevant data, were placed in a
common Microsoft SQL Server database and are also contained in quarterly Microsoft
Access databases. These data sets, which were delivered to MMS, are generally available
from May 1998 through September 2001; RWP, RASS, and rawinsonde data, over-water
and land-surface data, over-water boundary layer parameters using the Coupled Ocean-
Atmosphere Response Experiment (COARE) model, Eta forecast model data, and daily
synoptic weather classifications and surface flow classifications are included in the data
sets. In addition, external to the database, CALMET gridded wind fields were generated
for selected case studies. To effectively display this diverse set of data for use in data
analysis, the Environmental Data Analysis Tool (EDAT) was developed and delivered to
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MMS. EDAT can produce four types of plots—time series, time-height cross-sections,
vertical profiles, and spatial plots—and can display images.

To assist in characterizing ABL surface fluxes and scaling parameters, the COARE
algorithm was modified and used to estimate hourly surface fluxes of momentum,
sensible heat, and latent heat, based on observations of wind speed, air temperature, and
water vapor mixing ratio at a standard reference height near the water surface and the
skin temperature at the water surface. The COARE algorithm was originally derived
from the Tropical Ocean-Global Atmosphere (TOGA)-COARE research project. The
COARE algorithm has proved to be a useful tool to parameterize boundary layer
characteristics in the western and central Gulf of Mexico and is recommended for use in
future studies.

The Eta Data Assimilation System (EDAS)-simulated wind fields and the observed RWP
winds from six sites were compared. EDAS is based on a combination of Eta model
forecast winds and diagnostic interpolations of observed winds but does not include RWP
data. The mean wind speed (WS) bias was near zero close to the shore but increased with
offshore distance, so that the EDAS mean WS exceeded the RWP mean WS by 1 to 2 m/s
at 50 km offshore and by 2 to 6 m/s at 100 to 200 km offshore. Mean wind direction
(WD) bias was small, a difference of about 10° to 20° (e.g., if the RWP WD was 180°,
then the EDAS WD would be 160°). Standard deviations of the differences (with mean
bias removed) were 1 to 2 m/s for WS and 20° to 40° for WD, in agreement with findings
for other domains and models. This analysis indicates that the EDAS wind field can be
improved if it ingests offshore measurements of aloft wind data; such data can be
obtained from offshore RWPs.

The fluxes and scaling parameters calculated by the COARE algorithm in the Gulf of
Mexico are physically consistent with expectations and are similar in magnitude to the
observations and COARE calculations for TOGA, which took place in the warm western
Pacific Ocean near the equator. Calculated monthly average sensible heat fluxes in the
Gulf of Mexico ranged from 5 to 30 W/m?, typical of other over-water areas. Similarly,
calculated monthly average latent heat fluxes ranged from 50 to 150 W/m?, also typical
of other over-water areas. Both the latent and sensible heat fluxes were highest in the late
fall and early winter and lowest in the late spring and summer. Sensible heat flux is
maximized for post-trough synoptic conditions, which are likely to be marked by above
average wind speeds and by low air temperature. The latent heat flux is consistently
large during the post-trough synoptic condition, due to higher wind speeds and low dew
points that follow a cold front. The calculated fluxes are generally in good agreement
with the monthly average Eta model latent and sensible heat fluxes.

The COARE-calculated monthly average friction velocity (u*) using data from the buoys,
the C-MAN sites at the shoreline, and the South Marsh Island (SMI) platform near shore
shows agreement among these sites well within a factor of two and often within 20%.
This agreement is important because the monthly average friction velocity is the key
scaling velocity for estimating transport speeds and dispersion rates. However the
COARE-calculated monthly average friction velocities using data from the platform sites
further from shore are 30% to 40% less than at the other sites. These platforms (the
Vermillion offshore oil platform [VRM], the Breton Island Platform [BIP], the Deep
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Water Platform [DWP], the Mid Buoy Platform [MBP], the Shallow Water Platform
[SWP], and the West Delta Platform [WDP] are typically in deeper water. A possible
explanation is that the wave height and frequency are estimated from empirical relations
given observations of wind speed at the platforms, whereas they are directly measured at
the buoys. The monthly average Eta model friction velocity was usually within about
10% to 20% of the COARE-calculated friction velocity.

e The differences between the observed water “skin” and air temperatures were, on
average, +1 to +3°C at most sites all year. The differences were lower in late spring and
greater in late fall and early winter. This persistent positive temperature difference
suggests that the ABL is usually well-mixed and unstable.

e For seven multi-day case studies, the CALPUFF transport and dispersion model was
applied using arbitrary assumptions for hypothetical tracer releases from three oil
platforms, BIP, SMI, and SWP. Twenty-four-hour trajectories were calculated for
releases at heights of 10 m, 75 m, and 350 m using (1) CALMET wind fields and an in-
house STI trajectory model (TRAJMOD) and (2) EDAS wind fields and the NOAA
HYSPLIT trajectory model. The seven case study periods covered a range of
representative synoptic conditions and seasons, such as strong-wind January days and
light-wind July days. The CALMET and EDAS-HYSPLIT trajectories agree within
20° to 30° most of the time, although the speeds of the EDAS trajectories are larger by as
much as a factor of two (due to the mean bias discussed above). The CALPUFF-
simulated plumes from the three oil platforms sometimes impact the shoreline or offshore
islands, depending on wind direction. The concentrations are higher during light winds,
when dilution is less. It is fortunate that the most persistent winds, associated with
onshore impact near the same location for several hours, are nearly always marked by
high winds and consequently lower concentrations. When winds are light and variable,
the local centerline concentration may be higher, but the plume does not remain for long
over a specific point.

e The CALMET-CALPUFF estimates of over-water mixing depth were low, about 100 to
200 m, in contrast to observed mixing depths of about 600 m. This factor of three to six
difference causes model overpredictions in concentrations, since the plume is constricted
to the mixing layer. The underpredictions of mixing depth appear to be due to the neglect
of convective mixing processes offshore, where CALMET currently assumes that the
mixing depth is due solely to mechanical mixing and is therefore proportional to wind
speed.

EA.2 RECOMMENDATIONS

Based on our analysis and modeling results, and our interactions with other researchers,
we have prepared a number of recommendations that, if implemented, will further advance the
current scientific understanding of the ABL in the central and western Gulf of Mexico and
further develop and improve the tools available to understand the ABL in the central and western
Gulf of Mexico. Thus, these activities will improve future estimates of the transport and
dispersion of pollutants in the central and western Gulf of Mexico. The recommendations are
arranged into groups with other similar recommendations. Some recommendations involve
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interaction among various researchers and the publication of research results, others involve
additional analysis and modeling efforts using existing data, while others involve the collection
of new data.

Collaborations

Work with NCEP to better understand over-water wind differences between the Eta
model and observed RWP winds. Analysis has shown that Eta model winds are biased
high compared to RWP winds away from shore.

Work with National Oceanic and Atmospheric Administration’s (NOAA) Environmental
Technology Laboratory (ETL) to design a scheme to remove sea-clutter from profiler
data so that mixing heights can be automatically estimated for data from the ABL study
and future studies using existing mixing-height algorithms.

Work with NOAA to improve COARE predictions of large surface roughness.
Roughness increases under very low wind speeds, which influences estimations of the
ABL parameters. Conduct a joint meeting on COARE to further improve the model for
use in the Gulf of Mexico.

Make better use of ABL measurements and analyses in other MMS-sponsored projects by
reviewing plans and progress and recommending ways to incorporate ABL data and
analysis and modeling results.

Publication

Plan a special journal issue (e.g., Journal of Applied Meteorology, Journal of
Geophysical Research, Boundary Layer Meteorology) on ABL issues in the Gulf of
Mexico and prepare specific papers on, for example, the following topics: Eta/RWP
wind comparisons, climatology of surface ABL parameters calculated using COARE in a
shallow-water ocean and modifications made to COARE, modeled and estimated mixing
heights in the Gulf of Mexico, and results from related MMS-sponsored projects.

Analysis

Compare satellite-derived sea-surface temperatures to radiometer temperatures and buoy
temperatures measured during this study. Compare estimates of sea-surface temperatures
to the radiometer temperatures when clouds obscure the satellite’s view of the Gulf
(currently estimated using hole-filling techniques). Comparison results and the
subsequent improvements in predictions of spatial sea-surface temperatures will improve
model results.

Identify several additional periods of super-stable conditions in the existing data set (i.e.,
a period of southerly flow occurring immediately after a cold outbreak has cooled the
water in the shallow portion of the Gulf) and perform an ABL case study similar to other
case studies.
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Determine the best method for estimating wave height and frequency as a function of
water depth from wind speed alone. When wave data are not available at the platforms,
inaccurate knowledge of wave characteristics can result in inaccurate estimates of surface
roughness, which influence ABL parameterizations.

Determine the relationship between wind speed and RWP sea-clutter.

Use buoyancy flux to estimate mixing heights when winds are less than 6 m/sec and
compare to RWP-derived mixing heights.

Modeling

Update the CALMET model to correct the large underestimates of over-water mixing
heights due to the neglect of the buoyant heat flux; perform additional comparisons of
observation-based estimations of mixing heights to model mixing heights.

Update the CALPUFF dispersion runs using new CALMET output created with an
improved mixing-height scheme. Compare results from the new runs to those created as
part of the current project.

Compare CALMET diagnostic model runs to MM5 prognostic model runs (from a
separate MMS project) and observational data and create best estimates of gridded
mixing heights and winds.

Modify the way diagnostic and prognostic models treat the diffuse shoreline of the Gulf
of Mexico; operate the models and compare results with observations.

Quantify the differences between the CALMET and HYSPLIT trajectories. For example,
two trajectories can be compared by calculating the difference in the two positions after
certain travel times. The differences can then be expressed as function of time for that
trajectory and a root mean square error (rmse) calculated for a group of trajectories. The
difference can be categorized by its components (e.g., radial distance and angular
distance).

Compare CALPUFF concentration predictions quantitatively because the same amount of
tracer was released in each case. For example the following outputs could be compared:

— Maximum concentration at the point the shoreline is hit.

— Maximum (centerline) concentration at specific downwind times (e.g., 3 hrs, 6 hrs,
etc.) and distances (50 km, 100 km, etc.)

— Penetration distance (downwind distance) for a given concentration.
— Width of plume for a given concentration contour at a given travel time or distance.

Develop an alternative procedure within CALMET to handle missing upper-air
measurements.
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Measurements

e Conduct continuous meteorological (aloft and surface) and air quality measurements in
offshore and coastal areas to (1) support routine source-based modeling for lessees and
special-research MMS objectives; (2) provide long-term information on spatial and
temporal ABL characteristics; and (3) support routine comparisons with Eta model
predictions for routine estimates of ABL characteristics, for real-time modeling, and for
special research studies.

e Collocate a radiometer and underwater temperature sensor to better determine the
relationship and accuracy of the COARE-estimated warm-layer and cool-skin effects.

e Routinely operate a measurement system on an offshore platform that measures a range
of meteorological parameters at several depths of the surface layer and boundary layer.
Such a system could include a mini-Sodar, an RWP/RASS system, and a surface
meteorological monitoring system on a platform to obtain wind and temperature
measurements. The addition of the mini-Sodar would fill the measurement void that
exists from 30 m to 200 m; this hole is often the location of plumes.

e Improve the RWP and RASS sounders so that they are not so susceptible to interferences
due to objects on the platform and to sea-surface (wave) characteristics.
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1. INTRODUCTION

This report presents the results from the U.S. Department of the Interior, Minerals
Management Service (MMS) atmospheric boundary layer (ABL) study. Sonoma Technology,
Inc. (STI) and Hanna Consultants analyzed ABL observations and investigated how the ABL
structure influences the transport and dispersion of pollutants in the western and central Gulf of
Mexico. The results of this study will be used by the MMS to support techniques for evaluating
the effects of oil and gas exploration, development, and production activities in the Outer
Continental Shelf (OCS) on air quality over coastal areas.

The vertical and horizontal variability of the ABL in the Gulf of Mexico has been an
uncertainty. For example, the depth of the ABL and its vertical stability and wind and turbulence
structure can vary greatly in OCS zones due to horizontal variations in water skin temperature
and the overlying air mass. The MMS now has available new observations of vertical profiles in
the ABL for the OCS in the Gulf of Mexico from six meteorological stations. These
meteorological stations include 915-MHz radar wind profilers (RWP), 2-KHz Radio Acoustic
Sounding Systems (RASS), and surface meteorological stations. Two stations collected ABL
observations for three years from May 1998 through October 2001, and four stations collected
observations from September 2000 through October 2001. The RWPs and RASS measure winds
and virtual temperatures (T,), respectively, from near the surface to heights of a few kilometers,
and the surface stations measure skin temperature as well as wind speed, wind direction, air
temperature, and water vapor mixing ratio at an elevation of about 25 m on an oil platform. In
addition to the vertical profilers, routine meteorological observations from buoys and from
shoreline stations are available. For the first time in the Gulf of Mexico region, we are able to
input the full vertical profiles of meteorological variables that are required by transport and
dispersion models.

There are several similarities between over-land and over-water boundary layers. The
basic boundary layer theories and equations apply over any surface, as long as care is taken to
correctly apply definitions (i.e., the heat flux used in calculating L, the Monin-Obukhov length,
must include the effects of the latent heat flux). Mesoscale eddies, with time scales from one
minute to one hour, are present over both land and water and are not observed to diminish even
over the open ocean. Over both surfaces, it is possible to parameterize the entire ABL based on
simple observations of wind speed near the surface, air-skin temperature differences, and relative
humidity. However, there is no substitute for observations through the entire depth of the ABL
because elevated inversion layers and shear layers are unpredictable.

Some fundamental differences between over-land and over-water boundary layers need to
be accounted for. For example, roughness length, z,, is a strong function of wind speed over
water. In addition, because water has high thermal conductivity and there is mixing in the ABL,
the surface temperature of water slowly reacts to changes in air temperature. Consequently, the
atmospheric stability over water does not follow the typical diurnal cycle characteristic of the
atmospheric stability over land. In fact, the atmosphere can be stable during the day and unstable
at night, or it can be stable or unstable for weeks at a time. Strong stability (positive or negative)
occurs over water only when there is advection of a warm air mass over cold water or a cold air
mass over warm water. Most of the time, the latent heat flux over water is larger than the
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sensible heat flux. It is essential that the calculation of any stability parameter, such as the
Monin-Obukhov length, includes the vertical gradient of water vapor along with the vertical
gradient of temperature. It is possible to have a temperature inversion and still have unstable
conditions, due to a decrease of specific humidity with height.

The new and routine data collected have been analyzed to investigate the following
technical issues:

1. The over-water surface energy balance was studied using near-surface observations for
both steady-state, horizontally homogeneous conditions and for conditions variable in
time and space. A climatology of latent heat versus sensible heat fluxes has been
developed for both situations.

2. The extensive virtual temperature profiles from RASS were studied in order to estimate
the mixing depths.

3. The frequency of occurrence of very stable conditions near the surface and in layers aloft
was investigated because these layers are important for defining worst-case conditions for
air pollutants.

4. The horizontal spatial variability of wind speed and direction was studied to identify the
fraction of time that wind directions and speeds persist over several hours in the Gulf of
Mexico, thus causing straight-line transport of pollutants towards receptors on the
shoreline.

5. Estimates of the scaling velocity (u*) and scaling temperature (T*) were created and
studied. These scaling parameters are directly related to surface momentum and heat
fluxes. Because turbulent velocities (important to dispersion) are directly proportional to
u*, it should be possible to derive improved parameterizations for the dispersion
coefficients oy and o,.

6. Three-dimensional prediction fields of surface winds, heat and momentum fluxes, and
wind profiles—from the National Center for Environmental Protection’s (NCEP’s) Eta
Model—are available for the Gulf of Mexico and were compared with the observations
from the RFPs and buoys.

7. The annual, seasonal, and diurnal variations of the ABL characteristics (item 5) were
determined.

8. Synoptic (regional) classification schemes were developed so that meteorological
characteristics of the ABL and pollutant transport and dispersion can be estimated by
synoptic class.

9. Using the new data as inputs, test runs with CALMET and CALPUFF were made for
several case study periods to determine typical plume trajectories and relative dispersion
rates.

10. The various data sets described above were collected and quality assurance/quality
control (QA/QC) procedures were applied to produce a single, user-friendly database.
The database includes statistical summaries of the data and derived ABL parameters, as
well as all of the observed data.



This report describes the results of the study and demonstrates that the technical issues
listed above have been addressed. Section 2 describes the data and how they were collected into
a comprehensive database. It also describes specialized software that allows the data to be
extracted and visualized. The database and software were delivered to MMS at the final project
meeting on October 15, 2003, in New Orleans. Section 3 describes the general meteorology and
the synoptic classification results. Section 4 summarizes the characteristics of the ABL as
determined by the RWP and RASS data. Section 5 describes additional characteristics of the
ABL, including application of the Coupled Ocean-Atmosphere Response Experiment (COARE)
algorithm to estimate the terms of the surface energy balance and comparisons of these terms
with Eta model simulations. Section 6 discusses the CALMET wind field modeling and
transport and dispersion analyses. Section 7 presents a summary of the important findings and
recommendations. Appendix A contains information on the format and structure of the MMS
EDAT database, which is discussed in Section 2. Appendix B contains additional information
about the COARE program, which is discussed in Section 5. Appendix C contains FORTRAN
code of the COARE program that was modified for use in this project. Appendix D contains the
final presentation delivered to MMS on October 15, 2003, in which there are many additional
data plots.
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2. DATA AVAILABILITY AND VISUALIZATION TOOL

This section presents the data availability, sources, quality control (QC), and display tool
used for this study.

21  AVAILABLE DATA

The measurements collected during the June 1998-October 2001 MMS Boundary Layer
Study include data from continuous surface and aloft monitoring of meteorological conditions on
two oil platforms; standard surface data collected at buoy and Coastal Marine Automated
Network (C-MAN) stations; rawinsonde data; and data from surface land sites. For September
2000 through October 2001, continuous surface and aloft monitoring of meteorological
conditions were collected from three additional oil platforms and a land-base site as part of the
Breton Island Aerometric Program (BAMP). Model simulations include three-dimensional Eta
model simulations and the Eta’s four-dimensional data assimilation system, EDAS (Eta Data
Assimilation System). The three-dimensional Eta model simulations and surface observations
were used to create derived data of boundary layer parameters using the Coupled Ocean-
Atmosphere Response Experiment (COARE) computer program. The COARE program is
described in Section 5.

All observational and derived data and selected Eta model simulations were reviewed for
accuracy, completeness, and internal consistency and were imported into a Microsoft SQL
Server database. Figure 2-1 shows the locations of the buoy, C-MAN, and platform monitoring
sites.

In addition to the data contained in the database, CALMET wind fields for seven selected
case studies are available in their native binary format.

2.1.1 Aloft Meteorological Measurements

Aloft (non-surface) meteorological measurements were collected as part of the
1998-2001 MMS Boundary Layer Study. In addition, aloft data collected from the September
2000 through October 2001 BAMP study were also integrated into this project. For the MMS
study, the RWP and RASS T, data were collected at the Vermillion offshore oil platform (VRM)
and the South Marsh Island offshore oil platform (SMI) (Figure 2-2). For the BAMP study, the
RWP and RASS T, data were collected at the West Delta Platform (WDP), the Deep Water
Platform (DWP), the Breton Island Platform (BIP), and Fort Morgan (FTM). All RWP and
RASS data were quality-controlled and are considered Level 1 validated as discussed in
Section 2.2. See Lindsey et al. (1997b) for more details about the RWP and RASS data.

Rawinsonde data were collected from Lake Charles and Slidell, Louisiana, at 0000 UTC
and 1200 UTC for each day during the study. These data were not quality controlled; however,
they are available in the Microsoft SQL Server database and will be utilized for case study
analyses and modeling.
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2.1.2 Surface Meteorological Measurements

Surface meteorological data were collected at the VRM and SMI sites for the 1998-2001
MMS study period and at six sites as part of the BAMP study (See Figure 2-2). In addition,
surface data were obtained from buoy and C-MAN sites located in the MMS study region
through the National Buoy Data Center. Table 2-1 lists buoy, C-MAN, and platform sites and
their locations. Table 2-2 lists the parameters available for the C-MAN, buoy, and platform
sites. The routine data collected at most sites include wind speed and direction, temperature,
relative humidity, station pressure, and skin temperature. The buoy sites also collect wave height
and wave period data.

Surface data collected at the platform sites were quality-controlled and are considered
Level 1 validated (discussed in Section 2.2). In addition, all other surface data listed in Table 2-1
were reviewed for reasonableness.

Additional hourly surface data were obtained through The National Climatic Data Center
(NCDC) for land-based surface sites throughout the Gulf of Mexico region. These data were
input into a Microsoft SQL Server database; however, they were not quality-controlled.

2.1.3 Model Simulations

Three-dimensional Eta model simulations and the EDAS were obtained from the
University Corporation for Atmospheric Research (UCAR) for the entire study period. The Eta
forecast model contains forecast fields out to 48 hours from initial states at 0000 UTC and
1200 UTC. The EDAS generates eight 3-hourly initial states or analyses during each 24-hr
period, utilizing a vast set of observed data. From the Eta forecast model, geopotential height,
friction velocity, latent heat flux, sensible heat flux, low cloud cover, middle cloud cover, and
high cloud cover were extracted for each over-water site and placed in the database. Wind speed
and wind direction were extracted from the EDAS model simulations. The Eta model
simulations, along with the surface observations, were placed in the database.

Both Eta and EDAS utilize the AWIPS Grid 212 as their standard output grid. This grid
is defined on a Lambert Conformal projection with a spatial resolution of 40 km by 40 km. Both
Eta and EDAS contain 38 vertical levels and cover most of North America and the surrounding
oceans.

In addition to the Eta and EDAS predictions, CALMET wind fields for seven selected
case studies are available in their native binary format. Section 7 discusses the CALMET
modeling.

2.1.4 Derived Data

Three-dimensional model simulations and surface observations at the sites listed in
Table 2-2 were used to create the derived COARE data set. The derived data were created for
the entire 1998-2001 MMS study period. Table 2-3 shows the derived variables. These derived
variables were placed in the database for analysis.
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2.1.5 Data Classifications

Aloft synoptic weather maps were reviewed and nine classifications were created based
on the review. The classifications are discussed in Section 3. The classification of each hourly
period was imported into the database as a derived data set. These data are different from other
data sources because they refer to the Gulf of Mexico region as a whole and not to a single point
location. Table 2-4 shows the aloft classifications that were used for this study.

Surface flow classifications were created using a simple set of queries to determine the
wind direction and observed wind speeds. These surface flow classifications are contained in the
database. Details of how the classifications were created are provided in Section 3. Table 2-5
lists the classifications.

2.1.6 Averaged Aloft Data

In addition to the data discussed above, the database also contains averages of RWP wind
and RASS T, data. Averages were created for the entire 1998-2001 study period by year,
season, month, and aloft classification.

2.2 DATA VALIDATION OBJECTIVES AND RESULTS

Data validation is the process of evaluating the data quality through objective and
subjective comparisons with other data sets, such as those from rawinsondes or model
simulations. The data validation process was a necessary component of this project because it
allowed us to identify data with errors, biases, and physically unrealistic values before they were
used for analysis and modeling. The objectives of the data validation process were to

e produce a working database with values that are validated and of a known quality;
e evaluate the internal, spatial, temporal, and physical consistency of the data; and
e determine the suitability of the data for analysis and modeling.

To indicate the validity of a data point, we used QC flags that are stored with the data in
the database. The following QC flags were used:

e Valid data (QC flag = 0). Observations that were judged accurate within the performance
limits of the instruments.

e Invalid data (QC flag = 8). Observations that were judged inaccurate or in error.

e Missing data (QC flag = 9). Observations that were not collected. In addition to a QC
flag signifying missing data, the data values were assigned a missing value indicator
(-999.0).

All platform data were previously validated by STI as part of the data collection process.
Details of the data collection and validation process can be found in Vaisala Meteorological
Systems, Inc. and Sonoma Technology, Inc. (2002). Visual comparisons of the spatial and
temporal variability of all buoy and C-MAN surface meteorological data were performed. This
was accomplished by reviewing time series and spatial plots for consistency in time and space.
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Outliers were removed and flagged as invalid. Very few changes to the data validity were
necessary.

In addition to these QC flags, QC “out flags” were created for the derived COARE data
set. The following out flags were used:

e Out flag = 0 indicates that radiation from Eta model cloud data and all observations
needed by COARE exist.

e Out flag = 3 indicates that the observations were interpolated in time, and radiation data
exist from Eta model cloud data.

e OQut flag = 6 indicates that the observations were interpolated in time. The radiation was
estimated by time of year, day, and latitude.

e Out flag = 7 indicates that the observations exist. The radiation was estimated by time of
year, day, and latitude.

e Out flag = 9 indicates no observations were available.

Most derived data for this study have out flags of 0 or 3.

2.3 ENVIRONMENTAL DATA ANALYSIS TOOL (EDAT)

To effectively display the diverse set of MMS data for use in data analysis, the
Environmental Data Analysis Tool (EDAT) was developed. EDAT is designed to work with
environmental data sets such as RWP, RASS, rawindsonde, air quality, surface meteorological,
and modeling data sets. EDAT reads from a Microsoft Access or Microsoft SQL Server
database. Details about the structure of the database can be found in Appendix A. This section
discusses the EDAT features.

EDAT can produce four types of plots—time series, time-height cross-sections, vertical
profiles, and spatial plots—and can display images. In addition, these plots can be displayed all
at once, simplifying visual comparison of several different data types (see Figure 2-3).

EDAT can plot two time series plots on a single graph and the variables do not have to be
the same. For example, one can plot wind speed versus time as one time series and temperature
as a separate time series on the same graph. In addition, these two variables may be from
different sites. It is also possible to plot wind barbs as a time series. Figure 2-3 shows three
examples of time series plots. Time series plots provide a means for the data analyst to look at
trends within the data and evaluate how they might relate to other variables.

Time-height cross-sections are designed to plot either wind barbs or wind vectors. An
example of a wind barb time-height cross-section is shown in Figure 2-3(c). Time-height cross-
sections are important for looking at how winds vary with height and time. For example, winds
that change direction rapidly with height may indicate a shear layer, which may be important for
determining the source of air pollutants.
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Vertical profile plots are plots of a particular variable versus height. Vertical profiles are
useful for examining the vertical structure of the atmosphere. For example, T, profiles are useful
for determining the mixing height. EDAT can display one or more profiles on the same graph;
however, it is limited to one variable at one site.

Spatial plots are plots of a variable at a site displayed in map view. Multiple sites are
normally displayed, and up to two types of data may be displayed on one spatial plot. An
example plot of wind barbs and ozone bars is shown in Figure 2-3(a). EDAT allows a base map
of the user’s choice to be displayed in the background and referenced using latitude and
longitude coordinates. Data can be displayed in the spatial plot with barbs, vectors, scalar
values, and/or bars. EDAT also allows the user to change altitude by using the up/down cursor
keys or the height toolbar.

EDAT has an interactive screen that allows the user to create the graph displays discussed
above. Once a graph type is selected, a new screen pops up requesting additional information to
be used for creating the graph. Figure 2-4 illustrates how the user creates a time series plot. The
first step is to select “New Time Series Graph” under the “Window” menu option. A selection
screen pops up that requests the site name, data class, parameter, and height. A feature called
Auto Scale then searches the database for maximum and minimum values. Once the search is
completed, it is possible to change the scales by unchecking the “Auto Scale” boxes and typing
the desired scales into the minimum and maximum value boxes. The “Time Window” feature
allows the user to choose to plot one day, one week, one month, or all available data.

EDAT can also link all of the resulting graphs in time and height (when applicable). This
allows an analyst to scroll through a large set of data values as all the graphs scroll at the same
time. This facilitates spatial and temporal analyses. In addition, the user can click on any point
on any plot to see the data value, QC code, and height at any time.

EDAT can save graph layouts to a configuration file. Layouts are a type of template that
allows the user to make the same plots at a later time. These layouts are not to be confused with
saving a file. In EDAT, graphs can be saved as bitmap (.bmp) images and/or printed.

EDAT can also save data in formats used by other programs. In particular, EDAT allows
users to save data for plotting by the U.S. Environmental Protection Agency’s (EPA) WRLPIot
wind rose program. In addition, wind fields can be created for use in the CALMET diagnostic
meteorological model. This is useful since any set of data in the database can be converted to
either of these two formats for plotting in other programs.

EDAT users can create a subset of data. This feature is useful for large databases that
may take too long to create displays.
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Figure 2-1. Map of the MMS study region depicting locations of C-MAN, buoy, and RWP platform monitors.
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Table 2-1. C-MAN (five-character alphabetic), buoy (five-character numeric), and RWP

platform sites. Included are the air temperature, anemometer, and sea

temperature sensor heights. Sensor heights are in m above the site’s elevation.

Air Temperature Anemometer Sea
Latitude Longitude Elevation Height Above Height Above Temperature
Site Name Site (degrees N) | (degrees W) (m msl) Site (m) Site (m) Height (m)

Mid Gulf 180 nm South of 42001 25.93 89.65 0.0 10.0 10.0 -1.0
Southwest Pass LA
West Gulf 240 nm South- 42002 25.89 93.57 0.0 10.0 10.0 -1.0
Southeast of Sabine TX
Biloxi 22 nm South-Southeast of 42007 30.10 88.78 0.0 4.0 5.0 -0.6
Biloxi MS
Freeport TX. 60 nm South of 42019 27.92 95.35 0.0 4.0 5.0 -0.6
Freeport TX
Corpus Christi TX 50 nm 42020 26.92 96.70 0.0 4.0 5.0 -0.6
Southeast of Corpus Christi
Galveston 22 nm East of 42035 29.25 94.41 0.0 4.0 5.0 -0.6
Galveston TX
Mobile South 64 nm South of 42040 29.18 88.30 0.0 4.0 5.0 -0.6
Dauphin Island AL
Southwest Pass LA BURL1 28.90 89.43 0.0 11.9 30.5 -0.5
Dauphin Island AL DPIA1 30.25 88.07 0.0 9.1 17.4 -0.5
Grand Isle LA GDIL1 29.27 89.96 18 15.2 15.8 -0.5
Port Arkansas TX PTAT2 27.83 97.05 0.0 9.1 14.9 -0.5
Sabine TX SRST2 29.67 94.05 0.9 119 12.5 -0.5
Breton Island Platform BIP 29.77 88.71 20.0 2.0 3.0 0.0
Deep Water Platform DWP 28.15 89.10 41.0 2.0 3.0 0.0
Shallow Water Platform SWP 29.98 88.60 20.0 2.0 2.0 0.0
Mid Buoy Platform MBP 29.62 88.57 20.0 2.0 3.0 0.0
West Delta Platform WDP 28.83 89.78 20.0 2.0 3.0 0.0
Vermillion Gulf of Mexico VRM 29.47 92.55 21.0 2.0 3.0 0.0
South Marsh Gulf of Mexico SMI 28.15 91.91 25.0 2.0 3.0 0.0
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Table 2-2. C-MAN (alphabetic), buoy (numeric), and RWP platform sites and their available surface meteorological data.
Checkmarks indicate data were available.

Near-Sea
Air Surface Relative Wave Height
Site Site ID Temperature | Temperature | Skin Temperature | Humidity | Wind Pressure and Period
Mid Gulf 180 nm South of | 42001 v v v v v v
Southwest Pass LA
West Gulf 240 nm South- 42002 v v v v v v
Southeast of Sabine TX
Biloxi 22 nm South- 42007 v v 4 4 v v
Southeast of Biloxi MS
Freeport TX. 60 nm South | 42019 4 v v v v
of Freeport TX
Corpus Christi TX 50 nm 42020 v v v v v v
Southeast of Corpus
Christi
Galveston 22 nm East of 42035 v v v 4 v v
Galveston TX
Mobile South 64 nm 42040 v v 4 v v v
South of Dauphin Island
AL
Southwest Pass LA BURL11 v 4 v v
Dauphin Island AL DPIA11 v v v 4 v
Grand Isle LA GDIL11 v v v v v
Port Aransas TX PTAT21 4 4 v v v
South Marsh Gulf of SMmI v v 4 v v
Mexico
Sabine TX SRST21 v 4 v v
Vermillion Gulf of Mexico VRM v v v v v
Breton Island Platform BIP v v v v v
Deep Water Platform DWP v v v v v
Shallow Water Platform SWP v v v v v
Mid Buoy Platform MBP v v v v v
West Delta Platform WDP v v v v v




Table 2-3. Derived COARE parameters.

Description

Sensible heat flux

Latent heat flux

Wind stress

Velocity scaling parameter (friction velocity)
Humidity scaling parameter
Temperature scaling parameter
Roughness Reynolds number
Height/Monin-Obukhov length
Roughness length

Total warm layer temperature difference
Thickness of warm layer

Cool skin temperature difference

Skin temperature

Table 2-4. Aloft synoptic classifications used in the 1998-2001 MMS Boundary Layer Study.

Classifications
Ridge
Weak Ridge
Flat
Zonal
Post-trough
Weak Trough
Trough
Cut-off Low
Tropical Storm

Table 2-5. Surface wind flow speed and direction classification used in the 1998-2001
MMS Boundary Layer Study.

Flow Direction Flow Speed
Onshore Light
Offshore Moderate
Parallel east Strong
Parallel west
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3. GENERAL METEOROLOGY

3.1 INTRODUCTION

This section defines the upper-air and surface patterns observed in the Gulf of Mexico for
the study period from June 1, 1998, to October 2, 2001, and describes the climatology of the
upper-air and surface wind flow patterns. The results from this work were used to understand
how the upper-air and surface wind flow patterns influence ABL characteristics, transport, and
dispersion.

3.2 UPPER-AIR PATTERNS

Upper-level synoptic-scale weather features are large-scale (1000 km or more) weather
circulations that produce regional meteorological conditions. It is necessary to analyze these
patterns because they have a direct influence on the production, accumulation, and transport of
pollutants. For example, an upper-level trough is an area of generally lower pressure in the
upper levels of the troposphere. These troughs are typically associated with lifting of air, cloudy
skies, and cooler temperatures. These weather conditions result in more vertical mixing of air,
which tends to cause the ABL to grow quite large, increasing the vertical dispersion of
pollutants. Upper-level troughs are often associated with surface weather systems that result in
stronger winds and hence more horizontal dispersion. Another example of a general pattern is an
upper-level ridge. The upper-level ridge is a region of generally higher pressure in the upper
levels of the troposphere. These ridges are typically associated with sinking air, clear skies, and
warm temperatures. These weather conditions result in decreased vertical mixing of air, which
tends to suppress the growth of the ABL, which leads to less vertical dispersion of pollutants.
Upper-level ridges also tend to result in surface-based highs downstream of the upper-level ridge
axis. These surface highs can either lead to transport by influencing the wind directions or they
can lead to light winds (and hence less horizontal dispersion). They may also allow mesoscale
circulations to dominate the local flows, such as the sea breeze.

3.2.1 Methods of Obtaining and Classifying Data

To determine the upper-air meteorological patterns for the Gulf of Mexico region, we
obtained EDAS meteorological plots of the 500-mb geopotential height pattern for the United
States twice per day, once at 0000 UTC and once at 1200 UTC. We also obtained National
Oceanic and Atmospheric Administration (NOAA)/National Weather Service (NWS)/National
Center for Environmental Prediction (NCEP) Daily Weather Maps, which provide 500-mb
geopotential height patterns and winds for the entire United States once per day at 0600 CST.
The 500-mb geopotential height patterns depict the large-scale weather patterns across a region.

The upper-level patterns were classified based on observations of the 500-mb
geopotential height pattern, locations of ridge and trough axes, and circulations apparent in the
500-mb winds. Anti-cyclonic circulations (clockwise in the northern hemisphere) indicate high
pressure while cyclonic circulations (counterclockwise in the northern hemisphere) represent low
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pressure. All classifications were compiled based on the positions of weather systems with
respect to the study region over the Gulf of Mexico.

Figure 3-1 shows an example of an upper-level ridge over the Gulf of Mexico region.
The ridge axis is defined by connecting the peak amplitude of each line into a single line, or axis.
The weather patterns associated with the upper-level ridge are likely to be strongest near the axis.

Transitions between upper-level patterns were observed in this study; therefore, it was
necessary to determine the average daily pattern based on the pattern that was observed for a
majority of that day.

We looked at the upper-level synoptic pattern at 500 mb for every day, twice per day,
during the study period and determined a dominant set of upper-air patterns. We then assigned a
pattern to each day. These patterns were put into the database. Figure 3-2 shows the 500-mb
heights on March 22, 2000, at 1200 UTC generated by the EDAS model output. This particular
day was classified as a ridge pattern (see below) for the study area.

In our statistical review of the upper-level synoptic patterns, the frequency of occurrence
of each upper-air pattern was determined using queries of the daily data available in the database.
Queries were used to group each upper-air pattern by the entire study period, by year, by month,
and by season.

The following upper-level synoptic classifications were used:

e Ridge: An example of a ridge is shown in Figure 3-2. A ridge pattern usually leads to
high pollution levels as a result of conditions such as subsidence of air, clear skies, and
warming of surface and aloft temperatures. These weather conditions decrease the height
of the ABL and often allow mesoscale circulations, such as the sea breeze/land breeze
circulation, to dominate the boundary layer winds.

e Weak Ridge: An example of a weak ridge is shown in Figure 3-3. A weak ridge
pattern can lead to high pollution levels as a result of subsidence of air, clear skies, and
warming of surface and aloft temperatures. However, weak ridges tend to result in
weaker subsidence, which may allow the ABL to grow vertically more than it can under a
ridge pattern.

e Trough: Anexample of a trough is shown in Figure 3-4. A trough pattern is associated
with rising air, cloudy skies, strong winds, and cool aloft temperatures. All of these
weather conditions tend to result in more vertical mixing and horizontal dispersion. In
addition, the mixing height of the ABL may be very high under these conditions.

e Weak Trough: Anexample of a weak trough is shown in Figure 3-5. A weak trough
may be associated with rising air, cloudy skies, stronger winds, and cooler temperatures;
however, not all conditions may occur. Weak troughs are typically associated with the
same dispersion characteristics as troughs; however, these characteristics may not be as
strong so the mixing height of the ABL may not be as large.

3-2



e Cut-off Low: An example of a cut-off low is shown in Figure 3-6. A cut-off low is
similar to a trough; however, cut-off lows tend to move more slowly than troughs.
Sometimes, cut-off lows may be too weak to produce much vertical mixing; therefore, it
may be possible to see higher pollution levels and less dispersion than expected under a
trough pattern.

e Post Trough: A post trough is typically found after a trough has passed through a
region, but prior to a ridge building in. Figure 3-7 shows an example of this pattern over
southern Louisiana. A post trough typically indicates clearing skies and northerly surface
winds. Since a post trough immediately follows a trough, background pollution levels
are typically low.

e Flat: A flat upper-air pattern is typically found when neither a ridge nor a trough is near
the region. Figure 3-8 shows an example of this pattern over the Gulf of Mexico. In this
case, winds were driven by mesoscale meteorological conditions, such as a sea breeze.
For this pattern, ABL characteristics are strongly dependent on the mesoscale
meteorological conditions.

e Zonal: A zonal weather pattern is depicted in Figure 3-9 over the Gulf Coast states.
Zonal weather patterns typically do not last long and are often replaced by ridges and
troughs. The ABL characteristics are once again dependent on mesoscale meteorological
conditions, such as the sea breeze.

e Tropical Storm: Tropical storms occur on only a few days of a year, at most, in the Gulf
region. Figure 3-10 depicts hurricane Bret over southeast Texas, extending into the
eastern Gulf of Mexico. A tropical storm is typically associated with cloudy skies, strong
winds, and low air pollution levels; however, it is possible for these patterns to introduce
subsidence in nearby regions as a result of outflow at the upper levels. This increased
subsidence away from the storm center may decrease winds, warm temperatures, and
enhance pollutant levels.

To simplify some of the analyses, it was necessary to group similar patterns into broader
categories. Therefore, we combined the ridge and weak ridge into the “grouped ridge” category.
We grouped the trough, weak trough, and cut-off low into the “grouped trough” category, and
the remaining patterns, post-trough, flat, zonal, and tropical storm, were grouped into the
“grouped others” category.

3.2.2 Data Classification Results

Figure 3-11 shows the grouped upper-air synoptic pattern for the three general groups for
the study period and shows an almost equal representation of both ridges and troughs. Other
patterns (the post trough, flat, zonal, and tropical storm patterns) were observed less than 20% of
the time.

Figure 3-12 shows the frequency of occurrence of each of the nine upper-air patterns
during the study period. Note that the ridge pattern was the dominant upper-air pattern,
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occurring approximately one-third of the time. This is important because the ridge pattern is
often associated with ABL characteristics that lead to high pollutant concentrations. The trough
was the second-most predominant upper-air feature, which was observed about a quarter of the
time. This is important because the ABL characteristics under trough scenarios typically lead to
low pollution episodes. Weak troughs occurred less frequently and were observed on about one
out of every six days. The other patterns were found to occur far less frequently, with tropical
storms being rare.

Figure 3-13 shows the frequency distribution of the grouped upper-air patterns observed
during the study period by “MMS year”. Since the study began in June 1998 and ended in
October 2001, an MMS year is defined as June 1 through May 31. Thus, the year 1998 refers to
the period from June 1, 1998, through May 31, 1999. MMS year 2001 contains June 1, 2001,
through October 1, 2001, data. Therefore, the results for 2001 are biased because they contain
only four months of data. As shown in Figure 3-13, the frequency of occurrence of each pattern
did not vary significantly from year to year with the exception of 1998. During 1998, the trough
pattern was observed approximately 10% more often than the ridge pattern. This is important
because the ABL characteristics may have been significantly affected by the presence of more
troughs during that year. Fewer troughs occurred in 2001 than in other years; however, since
most of the 2001 data came from the summer months, this observation is biased.

Figure 3-14 shows the frequency distribution of the individual upper-air patterns
observed during the study period by MMS year. Although the frequency of occurrence of
grouped trough and ridge patterns were generally similar, further examination of the upper-air
patterns show that the ridge pattern dominated followed by the trough pattern, but the weak
ridges occurred less frequently than the weak troughs.

In 2000, a ridge pattern occurred almost 10% more often than during the other years. The
other five patterns occurred far less frequently, and tropical storms were a rare occurrence. An
anomalously high percentage of flat pattern days occurred in 2001, probably due to bias in the
data for that shortened year.

Figure 3-15 shows the frequency distribution of the grouped upper-air patterns by season
for all years during the study period. Although there was a relatively even distribution in the
annual upper-air characteristics between the trough and ridge patterns, seasonal breakdowns
show that both the fall and winter seasons are dominated by a trough pattern, while spring is
equally distributed between troughs and ridges, and summer is dominated by a ridge pattern.
These seasonal variations imply that the ABL characteristics will also be different as the seasons
change. For example, in the winter, with more troughs, we would expect vertical mixing and
horizontal dispersion to be high, leading to lower pollutant concentrations than during the
summer.

Figure 3-16 shows the frequency distribution of the individual upper-air patterns for all
years by season. Recall that the summer season was dominated by the grouped ridge pattern
while fall and winter were predominantly characterized by the grouped trough pattern. The
refined classifications show that the ridges that are not weak account for about 45% of the
summer days; whereas, the weak ridges account for less than 10% of summer days. In the fall
and winter months, the troughs account for approximately one-third of the days; whereas, the
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weak troughs account for about 15% of the days. These facts are important because strong
patterns will have a stronger impact on the ABL characteristics and, therefore, a stronger impact
on air pollution.

Analysis shows that during the spring, a majority of the troughs were actually weak
troughs. Weak troughs have a different impact on the ABL characteristics than strong troughs.
While the impact on the ABL is significant when tropical storms are present, they occur only
during the summer months.

Figure 3-17 shows the monthly frequency distribution of the grouped upper-air patterns.
June, July, August, and September produced more days of data because the study period ran
from June 1, 1998, through October 2, 2001. The ridge pattern dominated from June through
October, as expected for this region. However, September had significantly more troughs
compared to the other months. This implies that the ABL characteristics may differ during
September in contrast to other summer months. November through March was dominated by a
trough pattern.

3.3 SURFACE FLOW CHARACTERISTICS

Surface wind speed and direction data collected at the C-MAN, buoy, and platform
surface monitors were analyzed to characterize the surface flow patterns in the Gulf of Mexico.
The analysis involved creating wind rose plots for all sites to characterize surface flows and
classifying the flow at selected sites on each day of the study period as onshore, offshore, parallel
west, or parallel east. The daily surface speed and direction flow classifications are included in
the database. The buoy and platform sites are separated by large distances, stretching from buoy
42019 a few hundred km southwest of Houston, to buoy 42040 near southern Alabama, to as far
as 100 km offshore. These distances alone provide expected variability in the nature of the
onshore and offshore flow characteristics.

3.3.1 Methods of Determining Surface Flow Characteristics

To determine the onshore/offshore surface flow patterns and the wind roses, we obtained
hourly surface wind speed and wind direction data from the MMS platform sites at VRM and
SMI. We also obtained surface wind speed and wind direction data for several C-MAN and
buoy sites located in the Gulf of Mexico, as shown in Figure 2-1.

Daily Flow Characteristic Analysis

Two buoy sites and two platform sites were chosen to characterize the surface flows on
each day. Buoy 42035 (15 km offshore from Galveston, Texas) and the VRM platform site
(10 km offshore from central Louisiana) were selected to represent the near-shore characteristics.
Buoy 42019 (100 km offshore from Freeport, Texas) and the SMI platform site (about 100 km
south of South Marsh Island) were selected to represent the offshore characteristics. Onshore
flows were classified by wind directions between 100° and 260°. Offshore flows were classified
by wind directions between 280° and 80°. Wind directions between 80° and 100° were
designated “parallel east” and wind directions between 260° and 280° were designated “parallel

3-5



west”. Note, since the parallel directions exist within a 40° range, an even distribution of winds
would be eight times more likely to occur than wind directions parallel to the shore. Yearly,
seasonal, and upper-air averages of the daily surface flow directions and speeds were created and
analyzed. Flow types were classified by speed. Table 3-1 depicts the categories used for speed
classifications. Three classifications were developed based on the Beaufort Wind Scale: light,
moderate, and strong.

Table 3-1. Speed classifications.

Wind Speed > 10 m/s Strong
Wind Speed > 5 m/s and < 10 m/s Moderate
Wind Speed <5 m/s Light

Wind Rose Analysis

Wind roses were created using the WRPLOT View wind rose program based on data
collected from all of the buoy and platform monitors within the MMS study region. Wind roses
are useful for determining surface flow speed and direction characteristics for the entire study
period and by season. Wind roses provide a quick indication of the flow characteristics for
individual sites. An example of a wind rose plot is given in Figure 3-18. The dashed circles
indicate the percentage of time the winds are from a particular direction. The different colors
within the bars indicate the percentage of time each range of wind speeds was observed.

The wind rose data results were grouped based on initial comparisons of all of the sites.
Figure 3-19 shows the site groupings. Group A sites represent the western Gulf of Mexico.
Group B sites represent the eastern portion of the study region.

3.3.2 Results of Determining Surface Flow Characteristics
Daily Flow Characteristic Analyses

A predominant onshore flow that was light to moderate in speed was observed for the
entire study period at the four sites used for analyzing the daily flow characteristics. Figure 3-20
shows the frequency distribution of surface flow types by year for the near-shore buoy site
(42035) and the offshore site (SMI). All four sites show onshore flow about twice as often as
offshore flow. The flow is rarely parallel to the coastline, and when it is, it is predominantly
from the east. In 1999, less onshore flow was observed at buoy 42019 and VRM compared to
1998 and 2000. This pattern was not observed at buoy 42035 or SMI. This is important because
these differences may impact the characteristics of the ABL.

Figure 3-21 shows the seasonal frequency distribution of surface flow directions. Once
again the onshore flow direction clearly dominates during all seasons, except for one notable
exception. For the buoy 42035, VRM, and SMI sites, surface flow during the fall is
predominantly offshore (occurring approximately half of the time). Summer and spring at all

3-6



sites are characterized by onshore flow between 70% and 80% of the time. Winter and fall tend
to have a more even distribution of offshore and onshore days, with each occurring 40% to 50%
of the time. These observations are important to the transport and dispersion characteristics as
well as the ABL structure. For example, the onshore flow suggests that offshore sources may
impact onshore areas more often in the spring and summer. The winds during all seasons were
seldom strong. During fall, winter, and spring, moderate winds dominated, while during the
summer, light winds dominated.

Figure 3-22 shows the frequency distribution of flow speeds and directions based on
upper-air synoptic pattern. For all of the upper-air patterns, light-to-moderate winds and
offshore or onshore flow dominated. Annual and seasonal results were similar. Stronger winds
were observed under the trough pattern as opposed to the ridge pattern, which is consistent with
the fact that more horizontal dispersion is expected with a trough. In general, stronger winds
were observed more often at the offshore sites.

Onshore flow occurs 70% to 80% of the time a ridge is present; whereas, it occurs 50% to
60% of the time for the other upper-air patterns. This shows that under a ridge pattern, the
offshore flow occurrences are extremely low, especially when compared with the trough and
other upper-air patterns. Consistent with the yearly and seasonal breakdowns, parallel flows
were a rare occurrence no matter what upper-air pattern was present.

Wind Rose Analysis

The wind roses show that the dominant flow within the region was southeasterly, with a
secondary, less predominant flow from the northeast. Westerly flow within the region was less
predominant.

For the wind rose analysis, the sites were divided into two groups: Group A and
Group B. Group A sites were characterized by a strong southeasterly flow (as shown in
Figure 3-23a at VRM) and very little southwest through northeast flow. The southeasterly flow
is likely a reflection of the predominant weather feature, the Bermuda high, as well as the sea
breeze. The northeasterly flow is likely a result of continental high pressure systems. The
Group B sites, although dominated by a southeasterly flow, did not have a strong southeasterly
flow (Figure 3-23b shows this for buoy 42040). In addition, winds were more evenly
distributed in other directions. The strongest winds for the Group B sites occurred
predominantly from the northeast. The Group A sites had an even distribution of strong winds.
These differences are important as they suggest that different areas of the Gulf of Mexico region
may experience different ABL characteristics.

The seasonal wind rose patterns revealed general agreement with the overall patterns and
have the following characteristics.

e The fall wind rose plots (Figure 3-24) show that Group B sites had predominantly north-
northeast flows and very little southwesterly flow. Group A sites had a predominantly
southeasterly flow with secondary flows from the north-northeast, with the exception of
buoy 42001, which was dominated by an easterly flow.
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e The winter wind rose plots (Figure 3-25) were similar to fall wind rose plots except for a
stronger southeast flow at the Group B sites. Buoy 42007 had a more even peak

distribution than the other Group B sites.

e The flow in the spring (Figure 3-26) in both groups was very different than in the fall
and winter. Spring is characterized by a predominant southeasterly flow with very little
northerly flow at the Group A sites. Group B sites were dominated by a broad peak from

the east-southeast to the southwest.
The summer wind rose plots with a dominant southeast peak show that the summer flow

[ J
was similar to the spring flow for Group A sites (Figure 3-27). The near-shore sites
show a more frequent southerly peak, likely due to the land/sea breeze circulation. Group
B sites had an evenly distributed peak from east through south to west, with the exception

of SMI, which only had a southwest peak.

These seasonal differences indicate that seasonal variability in surface wind speeds and
directions exist and that attention needs to be paid to these differences with respect to the ABL

characteristics, case study analyses, and modeling.

:
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Ridge axis

Figure 3-1. An upper-level high pressure system with ridge axis (dotted line). The contours
represent geopotential heights, with the highest heights located near the “H” over

the Gulf of Mexico.
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Figure 3-2. Example of an upper-air ridge pattern (box) for the Gulf of Mexico region for
March 22, 2000, at 1200 UTC (0600 CST). Solid lines indicate height contours
(decameters).
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Figure 3-3. Example of an upper-air weak ridge pattern (box) for the Gulf of Mexico region
for July 30, 1998, at 1200 UTC (0600 CST). Solid lines indicate height contours
(decameters).
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Figure 3-4. Example of an upper-air trough pattern (box) for the Gulf of Mexico region for
January 5, 1999, at 0000 UTC (January 4, 1999, at 1800 CST). Solid lines indicate
height contours (decameters).
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Figure 3-5. Example of an upper-air weak trough pattern (box) for the Gulf of Mexico region
for May 31, 1999, at 0000 UTC (May 30, 1999, at 1800 CST). Solid lines
indicate height contours (decameters).
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Figure 3-6. Example of an upper-air cut-off low pattern (box) for the Gulf of Mexico region
for March 30, 1999, at 0000 UTC (March 29, 1999, at 1800 CST). Solid lines
indicate height contours (decameters).
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Figure 3-7. Example of an upper-air post-trough pattern (box) for the Gulf of Mexico region
for December 18, 1998, at 0000 UTC (December 17, 1998, at 1800 CST). Solid
lines indicate height contours (decameters).

3-14

MATIONAL OCEAMIC AND ATMOSPHERIC ADMIMISTRATION - AIR RESOURCES LABORATORY



y/ \ HOAR Rir Resources Laboratory
{F”zr{j' This product was produced by an Internet user on the HNOAA Air
%Etjﬁ; Resources Laboratory’s web site, See the disclaimer for further

information Chttpis/Awew,arl nosa, govready/disclaimn, himll,

EOAS Archive

ga UTE @1 oCT @@

METEOROLOGICAL DATASET TWFORMATIOM

Initialization time:

HEIGHT
HGTS ( DM ), LVL= 500.. 12 UTC 01 OCT 00 {(+ 00 H )

Figure 3-8. Example of an upper-air flat pattern (box) for the Gulf of Mexico region for
October 1, 2000, at 1200 UTC (0600 CST). Solid lines indicate height contours
(decameters).
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Figure 3-9. Example of an upper-air zonal pattern (box) for the Gulf of Mexico region for
November 15, 2000, at 0000 UTC (November 14, 2000, at 1800 CST). Solid
lines indicate height contours (decameters).
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Figure 3-10. Example of an upper-air hurricane pattern (box) for the Gulf of Mexico region
for August 23, 1999, at 0000 UTC (August 22, 1999, at 1800 CST). Solid lines
indicate height contours (decameters). This upper-air pattern depicts hurricane
Bret over southeast Texas, extending east into the western Gulf of Mexico.
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Figure 3-11. Overall frequency distribution of grouped upper-air patterns observed for the
study period.
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Figure 3-12. Frequency distribution of upper-air patterns observed for the study period.
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Figure 3-13. Frequency distribution of grouped upper-air patterns observed for each MMS
year, June through May, during the study period.
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Figure 3-14. Frequency distribution of nine upper-air patterns observed for each MMS year during the study period.




Fall All Years Winter All Years

60 60

50 - 50
© 40 © 40 ~
g g
$30 S 30 A
o o
$20- & 20

10 | . 10 |

0 ‘ T 0 T T
Grouped Ridge Grouped trough Grouped Other Grouped Ridge Grouped trough Grouped Other
Spring All Years Summer All Years

60 60

50 50 A
%40 R %40
30 | S 30 1
o o
Q20 & 20 1

; | B ; | |
Grouped Ridge Grouped trough Grouped Other Grouped Ridge Grouped trough Grouped Other

Figure 3-15. Frequency distribution of grouped upper-air patterns observed for each season
for all years during the MMS study period.
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Figure 3-16. Frequency distribution of nine upper-air patterns observed for each season for all
years during the MMS study period.
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Figure 3-17. Frequency distribution of grouped upper-air patterns observed for each month
for all years during the MMS study period.
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Figure 3-18. Wind rose plot for the SMI platform for the study period.
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Figure 3-19. Monitoring sites in the Gulf of Mexico region. Group A sites are shown on the

left, Group B sites on the right.
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Figure 3-20. Yearly frequency distributions of surface wind direction (top graphs) and surface
wind speed (bottom graphs) and for the near-shore site, buoy 42035, and the
offshore site, SMI. Recall that these two sites are separated by about 200 km.
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Figure 3-21. Frequency distribution of seasonal surface flow directions for near-shore and offshore sites.
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Figure 3-22. Frequency distribution of surface flow typing for upper-air ridge, upper-air
trough, and other upper-air patterns at the four selected sites during the MMS

study period.
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Figure 3-24. Spatial plot depicting wind roses for Group A (left) and Group B (right) for the fall season.



0€-€

Group B -- Winter Mississippi Florida

Alabama

Group A -- Winter MS

Louisiana

Louisiana

Texas

Wind Speed (m/s)

Wind Speed (m/s)

>11.06 >11.06
8.49 - 11.06 8.49-11.06
5.40 - 8.49 5.40 - 8.49
3.34-5.40 3.34-5.40
1.80-3.34 1.80-3.34

Figure 3-25. Spatial plot depicting wind roses for Group A (left) and Group B (right) for the winter season.



T€-€

Mississippi

Group B -- Spring

Alabama

Group A --Spring

Louisiana o
Louisiana

Texas
- /:: S
NN
7, Toov N
SNV
Wind Speed (m/s)
1o

Figure 3-26. Spatial plot depicting wind roses for Group A (left) and Group B (right) for the spring season.

>11.06 Wind Speed (m/s) ")
/
8.49-11.06 —
>11.06
5.40 - 8.49 42040
8.49-11.06
3.34-5.40 PEhe
5.40 - 8.49 ot
180-3.34
3.34-540
051-1.80
= 180-3.34 S
SN \\\ \\ 3
NN : ’
Tac 051-1.80 R
S0 a2001
/s .
[ e I
[N "
\ \\ Nis /
N LT T . v
NS

Florida




ce-€

Group A -- Summer - -

g s TS

MS

Group B -- Summer Mississippi Florida

Louisiana Alabama

Texas (A /
Louisiana

‘Wind Speed (m/s)

wind Speed (m/s)

>11.06
8.49 - 11.06 21106
5.40 - 8.49 8.49-11.06 42{0f].9 \
3.34-5.40 5.40 - 8.49
1.80-334 3.34-5.40
051-1.80 180-334
0.51-1.80

o0 42001
X \

\

Figure 3-27. Spatial plot depicting wind roses for Group A (left) and Group B (right) for the summer season.



4. UPPER-AIR WINDS AND VIRTUAL TEMPERATURES

The MMS now has available new boundary layer observations for the OCS in the Gulf of
Mexico from six meteorological stations. These meteorological stations contain 915-MHz
RWPs, 2-KHz RASS, and surface meteorological stations. Two stations collected observations
of the ABL for three years from May 1998 through October 2001 and four stations collected
observations from September 2000 through October 2001 (as described in Section 1).

This section presents an evaluation of the characteristics of the boundary layer winds and
Tv profiles and how these characteristics change by year, by season, by month, by upper-air
classification, and among sites. The analysis of the characteristics yields insight into the spatial
and temporal processes that occur vertically in the atmosphere. This information was used to
support modeling efforts discussed in Section 6.

4.1 RWP AND RASS DATA

Quality-controlled RWP and RASS data from the six profiler sites were averaged over
several intervals to determine the characteristics and patterns in these data. Averaging was done
by month, season, year, upper-air classification, and the 1998-2001 period (for VRM and SMI).
Surface wind and T, data were averaged and analyzed along with the aloft data to give a more
complete picture of the atmospheric boundary layer. The winds were vector averaged, which
inherently produces lighter wind speeds than are typically observed. Data from each of the six
profiler and RASS sites were characterized both individually and comparatively for each
averaging period.

Wind data were grouped by hour and height prior to averaging, creating an average
diurnal profile for the given interval. T, data were grouped by height and also into day (0600 to
1800 CST) and night (1800 to 0600 CST) categories prior to averaging, yielding a daytime and
nighttime T, profile for each averaging period. Averages were only calculated if at least 50% of
the possible measurements contributing to that average were valid.

Figures showing the results for the wind and temperature analyses for selected sites are
contained in this section and figures for all sites can be found in the final project presentation
(MacDonald et. al. 2003) delivered to MMS on October 15, 2003, and are included in
Appendix D.

42 PROFILER RESULTS AND INTERPRETATIONS

RWP data showed several distinct patterns at various averaging intervals. The following
IS a description of those patterns, along with a basic interpretation of their causes. Note that
averages above 3500 m are not available because the return signal was lost above that height on
more than 50% of the days. Averages are also often not available from 131-500 m due to sea
clutter. This analysis focuses on VRM and SMI but also includes information from the four
BAMP sites. Data plots for the BAMP sites are included in Appendix D.
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In summary, the average wind profiles from the platform height of 25 m to the top of the
RWP range (about 3500 m) show

e Southwest through easterly flow throughout all seasons, years, and sites; southeasterly
was the most frequent flow direction.

e At WDP, more easterly winds in the lowest 500 m compared to southerly at the other
sites.In the fall, easterly flow at lower levels and southwesterly flow aloft with the
transition height near 1000 m.

e In the winter, easterly surface flow very decoupled from south to southwesterly flow
aloft.

e In the spring, coupled surface and aloft flow with southerly winds up to 1000 m and
southwesterly winds above 1000 m.

e In the summer, winds ranging from easterly to southwesterly below 2000 m and the most
diurnal variability at VRM.

e With a ridge pattern, winds south to southeasterly below 1100 m, and southwest to
easterly aloft.

e With a trough pattern, mostly southwesterly flow aloft, with southeasterly to
northeasterly flow in the low levels. Stronger troughs have a more defined shear layer.

4.2.1 Overall Average Wind Profiles

The wind profiles at each site showed a general pattern of light winds (1-3 m/s),
transitioning from southeasterly to easterly winds at the surface, through southerly winds at the
mid-levels, to southwesterly winds above 1500-1700 m. Below 1400 m, pre-dawn winds had a
prominent southeasterly component, especially at SMI (Figure 4-1). The surface winds
generally matched the aloft winds at both sites, except from 1100 to 1500 CST at VRM
(Figure 4-2), when the surface winds were easterly. With the exception of these slight
discrepancies, the overall wind averages at the two sites correlate well with each other.

4.2.2 Yearly Wind Profiles

The yearly patterns in the wind profiles generally followed the overall patterns, with light
winds transitioning from southeasterly at the surface, through southerly, to southwesterly above
approximately 1400-1700 m. In general, the 1998-1999 year appeared very similar to the overall
average for both sites (Figures 4-3 and 4-4). The 1999-2000 year showed a more easterly
component to the lower-level winds than the previous year and produced poorer data quality, but
was otherwise similar to the previous year (Figures 4-5 and 4-6). The 2000-2001 year provided
less data with no points above 1600 m meeting the 50% averaging criteria. Within the lower
levels at SMI, this year showed light winds transitioning from easterly in the pre-dawn hours,
through southerly in the early morning, to southwesterly in the afternoon and evening
(Figure 4-7). In addition, the surface winds remained the same as the overall pattern, east-
southeasterly all day. As a result, the surface winds were discontinuous from the winds at 500 m
and differed by as much as 180°. This suggests that the mixing height is, on average, below
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500 m. The VRM profile matched well with the overall pattern, except for the lack of data aloft
and the surface wind pattern, which showed northeasterly winds from 1100 to 1500 CST, leading
to discontinuity with the aloft winds at 500 m (Figure 4-8).

4.2.3 Seasonal Wind Profiles

Fall profiles at both sites matched the overall pattern above 1700 m with light
southwesterly winds. However, easterly winds dominated the lower levels. The height of the
transition from east to south was the lowest in the middle of the day (500-800 m at VRM,
900-1200 m at SMI) and the highest at night (1200-1500 m at VRM, 1700-2000 m at SMI). The
surface winds at both sites were constant throughout the day, but at VRM, they were
northeasterly while at SMI the winds were east to east-northeasterly. With the exception of the
transition-height differences and the surface wind directions, the fall profiles at the two sites
correlate well (Figures 4-9 and 4-10).

Winter profiles had considerably fewer points meeting the 50% criteria, especially at
VRM,; this should be further investigated. The SMI winter profile appeared very similar to its
overall average profile, with light winds from the south at 500 m transitioning into southwesterly
winds above approximately 1500 m. There was no easterly component from 500 to 1000 m like
the overall pattern had in the early morning hours. The few points available from VRM for the
winter appear to correlate with the SMI profile. The surface winds at both sites were similar,
with easterly flow all day, which was discontinuous from the aloft winds
(Figures 4-11 and 4-12).

Spring profiles were nearly identical to the overall averages for both sites, but with a less
easterly component in the morning hours. Surface winds at SMI were stronger than at VRM in
the pre-dawn hours, with speeds averaging 5 m/s. However, aloft winds were stronger at VRM,
with wind speeds averaging 5 m/s from 0500 to 1800 CST, while the average speed of aloft
winds at SMI never exceeded 3 m/s (Figures 4-13 and 4-14).

The summer profile at SMI above 1500 m showed light, easterly winds through the early
morning, becoming southeasterly from 0700 to 1600 CST before returning to easterly at night.
Below 1500 m, the pattern was similar to the overall pattern below 1000 m (Figure 4-15). The
summer pattern at VRM showed the most diurnal changes in any season at either site. There was
little in common with the overall profile except for the southerly winds below 500 m from
1800 to 0700 CST. The winds aloft became easterly to northeasterly with the transition height at
about 800 m at night to 1800 m during the afternoon (Figure 4-16).

4.2.4 Monthly Wind Profiles

RWP wind data were inconsistent in the winter months, and a January profile could not
be generated that met the 50% averaging criteria. February had a limited number of data points,
but profiles could be generated that matched well with the winter profile at each site. The only
notable difference between the February profiles and the overall winter profiles was that the SMI
low-level winds in February were slightly more southwesterly than the winds of its winter
profile.

4-3



For March through May, monthly averages resembled seasonal averages at both sites
aloft, with the same persistent pattern of light winds transitioning from southerly or southeasterly
near the surface to southwesterly aloft. However, the surface winds at VRM in March were very
different than those in February and April. During the day, winds were northeasterly, as opposed
to east-southeasterly in February and south-southeasterly in April. The northerly flow did not
show up at all in the aloft wind pattern. This may be due to the shallow nature of post-cold front
northerly winds. At VRM in May, winds above 3000 m were westerly, but data at this height
were not available from SMI for comparison.

In June at SMI, the winds above 1500 m resembled the summer pattern more than the
spring pattern. Winds were southeasterly in the early morning before shifting to southerly for the
remainder of the day. The winds below 1500 m, however, more closely matched the spring
pattern. At VRM, the June profile was similar to the spring profile. In July at SMI, the profile
matched the summer profile fairly well except for southwesterly flow that developed during the
daytime hours up to 1500 m, and light and variable winds aloft after sunset. At VRM, the July
profile was similar to the summer pattern. The August profiles at both sites correlate well with
the summer pattern.

In September and October, at both sites, the profiles above 1000 m resembled the fall
patterns, with southwesterly flow. Below 1000 m, the profiles at both sites resembled the
summer patterns, with a southerly component to the winds. These months showed the transition
from summer to fall. The November profiles at both sites correlate well with the fall profiles.

In December at SMI, data were sparse, but December appeared to be a transition month
from fall to winter. There was a mixture of easterly and southerly winds at low levels. At VRM,
data were again sparse, but the pattern was similar to the winter profiles as the southwesterly
flow aloft started at 600 m, while the fall profile had all southwesterly flow above 1200 m.

4.2.5 Wind Profiles by Upper-air Classification

Both the ridge and weak ridge patterns were similar to the overall patterns at both sites.
Winds were east to southeasterly below 1100 m (1500 m at VRM) and south to southwesterly
above 1100 m (Figures 4-17 to 4-20). The ridge pattern had more of an easterly component than
the overall pattern. At VRM, the surface winds did not shift to easterly from 1100 to 1500 CST
like the overall pattern.

The weak trough patterns up to 1000 m at both sites were similar to the overall patterns at
SMI (Figure 4-21), and throughout the profile at VRM (Figure 4-22). At SMI, winds were
southwesterly aloft for weak trough, trough (Figure 4-23), and cut-off low patterns
(Figure 4-24). At VRM, winds were southwest to westerly aloft for trough (Figure 4-25) and
cut-off low patterns (Figure 4-26). At both sites, the trough pattern contained a shear layer
between northerly flow at the surface and southwesterly flow aloft, with the transition height
ranging from 300-700 m. Data were limited at SMI during cut-off low patterns, so little analysis
could be done.

The flat patterns below 1100 m at both sites were similar to the overall patterns. Above
1100 m, winds were mostly easterly, except from 0700 to 1200 CST when they were southerly
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(Figures 4-27 and 4-28). Both sites had limited data for zonal patterns and showed mostly
southwesterly winds (Figures 4-29 and 4-30). Winds were southerly below 700 m at SMI and
surface winds at both sites were easterly (Figures 4-31). The post-trough patterns had northerly
winds at all levels at both sites except from 300-900 m at VRM, where the winds were easterly
in the afternoon and evening (Figure 4-32). Winds for the tropical storm pattern were more
variable at both sites, but only three to six days of data went into the averages. Winds were
constant out of the southeast at the surface, with mostly southerly to southeasterly winds aloft at
both sites (Figures 4-33 and 4-34). The winds at VRM were stronger than those in any other
pattern.

4.3 RASS RESULTS AND INTERPRETATIONS

This subsection presents observations of T, observed by RASS at elevations ranging from
131 m (above the level of the instrument on the oil platform) to about 700 m. The RASS data in
the figures in this subsection are combined with T, observations collected by thermometers on
short towers on the oil platforms at heights of about 25 msl.

It should be noted that errors or biases of about 1°C in RASS observations are expected.
As a result, small discontinuities, shallow inversion, or superadiabatic layers in the plots may not
be real.

In summary, the average temperature profiles from the platform height of 25 m to the top
of the profile (about 1500 m) show the following characteristics:

e There is often a discontinuity in temperature gradient at the lower two or three RASS
levels (e.g., 131 m), due to a known cold bias.

e The surface temperature and the 131-m temperature are measured by two types of
instruments, which may influence the diagnosis of stable or unstable temperature
gradients.

e The average profiles, which extend to about 700 m, do not show an elevated inversion or
mixing height, despite the fact that a mixing depth of 500 to 700 m is expected and often
observed in the RWP reflectivity data

e VRM is more stable than other sites.
e BIP has a strong stable inversion in the lowest layer; other sites do not.
e Infall, FTM has surface inversion at night; others do not.

e Inwinter, all sites have an inversion during the day and night except VRM and BIP.
Inversion may be a result of platform radiational cooling.

e Inspring and summer, all sites are about adiabatic.

4.3.1 Overall Average Temperature Profiles

The T, data in this subsection are averaged over three years. Subsequent subsections
describe single-year averages.
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At SMI, which is about 100 km offshore, the daytime and nighttime T, profiles were very
similar. The overall average daytime profile for SMI indicates an average lapse rate of about
-6°C/km (Figure 4-35), which is close to the standard environmental lapse rate (-6.5°C/km).

The average surface temperature was 26°C. The figure shows some cold bias in the RASS data
at the lowest two range gates. The cold bias is an erroneous cold shift in the T, profile due to
non-coherent sound waves from the sound sources. The nighttime profile in Figure 4-35 also
shows a lapse rate of about -6°C/km. The average surface temperature was nearly the same as
the daytime temperature, but the nighttime profile was about 0.25°C warmer than the daytime
profile. This 0.25°C difference is less than the accuracy in the RASS T, measurement (£1°C).
Again, there was some cold bias evident in the lowest two range gates at night.

At VRM, which is much closer to shore than SMI (18 km versus 100 km), the daytime
and nighttime profiles were very similar to each other and showed more stability than did the
SMI profiles. The overall daytime profile at VRM shows a lapse rate of -2.3°C/km
(Figure 4-36). The average surface temperature was 23.9°C. The nighttime profile shows a
lapse rate of -0.7°C/km and an average surface temperature of 23.6°C. It is suggested that the
VRM profile is more stable than the SMI profile because of its nearness to land, which tends to
have a higher frequency of stable conditions.

Note that there is no upper-level inversion marking the top of the mixing depth at either
SMI or VRM. This suggests that the average mixing depth is at a level exceeding the 700 m
upper range of the RASS profiles.

4.3.2 Yearly Average Virtual Temperature Profiles

This subsection presents the averaged T, profiles for individual years at the SMI and
VRM sites.

For the 1998 MMS year (June 1, 1998, to May 31, 1999) at SMI, the T, profiles were
generally the same as the overall (three-year average) T, profiles (Figure 4-37). However, the
surface temperature was 0.5 to 1°C warmer in 1998 than the overall surface temperature. At
VRM, the profiles were slightly warmer than the overall profiles up to 400 m and cooler above
400 m. In addition, at VRM the day and night surface temperature was about 1.5°C warmer than
the overall temperature. Cold bias was evident at the lowest range gate (131 m) aloft
(Figure 4-38), and the observations at that level should be given less credibility.

For the 1999 MMS year (June 1, 1999, to May 31, 2000) at SMI, both night and day T,
profiles were about 0.5°C cooler than the overall (three-year average) aloft T, profiles, and the
surface temperature was slightly cooler (Figure 4-39). The lapse rate is slightly closer to
adiabatic. At VRM, the T, profile was 0.25 to 0.5°C cooler aloft, and 1 to 1.5°C cooler at the
surface (Figure 4-40) than the overall profiles. However, the lapse rates were nearly identical to
the overall (three-year average) lapse rates.

For the 2000 MMS year (June 1, 2000, to May 31, 2001) at SMI, there were limited data.
The existing data showed a slightly cooler T, profile during the day and a slightly warmer T,
profile at night compared to the overall (three-year average) profile. Surface temperatures were
about 1°C cooler both day and night (Figure 4-41). At VRM, the daytime profile was 0.5 to 1°C
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warmer aloft during the day compared to the overall (three-year average) profile. The nighttime
profile was up to 1°C warmer above 300 m compared to the overall profile and had an inversion
layer. Surface temperatures were 1 to 2°C cooler (Figure 4-42).

4.3.3 Seasonal Virtual Temperature Profiles

In the fall, the T, profiles at SMI were 1.5 to 2°C cooler than the overall (three-year
average) profiles, but the lapse rates remained the same (Figure 4-43). At VRM, the T, profiles
were 2.5 to 3°C cooler than the overall profiles, with a slightly more unstable lapse rate
(Figure 4-44).

In the winter, the T, profiles at SMI were 5° to 6°C cooler, with a more unstable lapse
rate than the overall (three-year average) profiles (Figure 4-45). At VRM, there were very
limited data for the winter season, but these data showed a T, profile nearly 7°C cooler aloft and
8°C cooler at the surface (Figure 4-46).

In the spring, the T, profiles at SMI were 0.5° to 1°C warmer than the overall (three-year
average) profile and the lapse rate was the same (Figure 4-47). The surface temperatures were
1to 1.5°C warmer. At VRM, the T, profiles were warmer up to 500 m and cooler above 500 m
compared to the overall profiles (Figure 4-48). This resulted in a lapse rate of about -6°C/km.

In the summer, at SMI, the T, profiles were 4° to 6°C warmer than the overall T, profiles,
with less stable lapse rates (Figure 4-49). At VRM, the T, profiles were 3° to 6°C warmer than
the overall T, profiles, and 9°C warmer at the surface, which resulted in an apparent
superadiabatic layer. The lapse rate was more unstable than the overall three-year average, at
nearly -6°C/km (Figure 4-50).

4.3.4 Virtual Temperature Profiles by Upper-air Classification

As expected, the T, profiles at both sites for the ridge pattern were warmer than the
overall profiles by 2° to 4°C (Figures 4-51 to 4-54). The lapse rates at SMI were the same as for
the overall three-year average.

The T, profiles for the weak trough pattern were warmer than the overall three-year
average profiles by 0.5° to 1°C (Figures 4-55 and 4-56). The T, profiles for the trough pattern
at both sites were 3° to 4°C cooler than the overall profiles (Figures 4-57 and 4-58). The T,
profiles for the cut-off low pattern at VRM were cooler at the surface but were the same T, aloft
as the overall profile (Figure 4-59). There was no T, profile for the cut-off low profile at SMI
due to limited data.

The profiles for flat synoptic conditions were 3° to 6°C warmer at both sites than the
overall T, profiles (Figures 4-60 and 4-61). At SMI, the lapse rate was the same but at VRM
the lapse rate was less stable than the overall profile. The profiles for the zonal patterns were
5°C cooler than the overall profiles at both sites, although data were limited at VRM
(Figures 4-62 and 4-63). The profiles for the post-trough pattern at both sites were 6° to 7°C
cooler than the overall average profiles (Figures 4-64 and 4-65). The profile for the tropical
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storm pattern at VRM was about 6°C warmer than the overall profile, due to the warm and moist
characteristics of tropical storms (Figure 4-66).

4.3.5 Caveats

As mentioned earlier, more work is required to fully understand the observed T, profiles.
In particular, the following issues need to be resolved:

1. There is often a discontinuity in T, at the lower two or three RASS levels (e.g., 131 m)
due to a cold bias.

2. The surface temperature and the 131-m temperature are measured by two different
instruments and an unexpected stable or unstable lapse rate often results. A nearly
adiabatic gradient would be expected from theoretical arguments because water
temperature is nearly always a few degrees warmer than air temperature, causing an
upward heat flux and a well-mixed boundary layer that should extend to heights of
several hundred meters.

3. The average T, profiles, which extend to about 700 m, never show an elevated inversion
or mixing height, despite the fact that we expect a mixing depth of 500 to 700 m.
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Figure 4-1. Overall average winds at SMI from 0000 to 2300 CST, June 1, 1998, to
May 31, 2001.
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May 31, 1999.

4-10



Height [m]

35800

2900

2300

1700

1100

500

e
gt N e

RANY 7T )
S s
LY /S
LTI A
AR IIA AN

i 1 i 1 4 1 4 1 4 1
= =i = =i = = T T

ind barbs 7

F Mortherly Wind

Calm
=1.25 mis
250 mis
32.00 miz
750 mis
10.00 mis
15.00 mis
17 .50 mis
22530 mis
25.00 mis
35.00 mis
3750 mis
30.00 mis

FFEFTEFFICTIT I,

12 14 18 16 17 18 19 20 A

Time CST

2223 00

Figure 4-5. 1999 year average winds at SMI from 0000 to 2300 CST, June 1, 1999, to
May 31, 2000.

Height

(m)

3500

2800

230(—

1 ?DB/’

1100

.

i
i
%M

o

e
TS
b N

SN
SN S N

1

SOAASS AN

INDPPPRSECUL N N N S

LANERNA
SN NN NN
LRV NN
_jwh&%\.\
AR NN

=

i
[ A

PSR CRNN

J 7

j N W |

1

Wind arbs

Calm
=1.25 mis
2.50 miz
5.00 miz
7.50 miz
10,00 mis
15.00 mss
17.50 miz
22.50 miz
25.00 mss
35.00 mis
37.50 mis
S0.00 mes

VLS

FEFTEFFICTIT I,

b

g@_WWf_H\\\\

=

B

Il
D

h B o o

i
D.é‘ 03~ 10

1

1B A 2

12 13 14 15 16 171

Time CST

Y
p
o
T
A
/’§

&2

o0

Figure 4-6. 1999 year average winds at VRM from 0000 to 2300 CST, June 1, 1999, to

May 31, 2000.

4-11

E

F Martherly Wind




Height [m)

E

3500
F Mortherly Wind

Calm
=1.25 mis
250 mis
32.00 miz
750 mis
10.00 mis
15.00 mis
17 .50 mis
22530 mis
25.00 mis
35.00 mis
3750 mis
30.00 mis

2900 -

2300

1700 |-

i

1100

Wy
AP
AR
Waov S
W WS
[ACSENCNRNAN
RNV
T SN
T
\T_..H.\.\.\.
N N

500

FFEFTEFFICTIT I,

SR
S SSSS
RNV
ANCYRNANE VAN
e T
e e NN
,:.:»./.w\. A

e

—
L
-
—
—
.

— —d—r T
m 11 12 13 14 15 16

,_
—

i AU S B
19 20 A 22 23 00

1
7]
N
= ‘/‘h

1

=
o=
1
=d
]
=
%)
=
=
f]
[}
=
=
7=}
—
ot
—
o

Time CST

Figure 4-7. 2000 year average winds at SMI from 0000 to 2300 CST, June 1, 2000, to
May 31, 2001.
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Figure 4-12. Winter average winds at VRM from 0000 to 2300 CST, December 23 to
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Figure 4-15. Summer average winds at SMI from 0000 to 2300 CST, June 23 to September 23,

for all study years.
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Figure 4-16. Summer average winds at VRM from 0000 to 2300 CST, June 23 to

September 23, for all study years.
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Figure 4-17. Ridge pattern average winds at SMI from 0000 to 2300 CST, for all study years.
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Figure 4-18. Ridge pattern average winds at VRM from 0000 to 2300 CST, for all study years.
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Figure 4-19. Weak ridge average winds at SMI, 0000 to 2300 CST, for all study years.

Height [m]

3500

:

]
500 4

b
=
L._?\-\.

T

"
et

foid

i i b o S SN N
s b L L S L LA SN

SN AN

M‘\ﬁ.‘\.\\ S\

SASASNNA

M\\\\\\

EOREE R S

LN SR

Ty

VPP RRTAT S NN VW |

TR R N N S

M&\\\\\. PN

Q

P BUPOUSUST R RT I AN AR NN

12

Time CST

18

8

F Marthery ‘Wind

Calm
=125 miz
250 miz
5.00 miz
750 miz
10,00 més
15.00 mss
17.50 mes
2250 mis
25.00 mis
35.00 mss
37.50 mi=s
50.00 mis

FEFTEFFITTT I,

Figure 4-20. Weak ridge average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-21. Weak trough average winds at SMI, 0000 to 2300 CST, for all study years.
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Figure 4-22. Weak trough average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-23. Trough average winds at SMI, 0000 to 2300 CST, for all study years.
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Figure 4-24. Cut-off low average winds at SMI, 0000 to 2300 CST, for all study years.
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Figure 4-25. Trough average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-26. Cut-off low average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-27. Flat average winds at SMI, 0000 to 2300 CST, for all study years.

Height [m]

=
=
=
=
=
=3
=
=

L. U

= “
= E &L 2 8 & EEEEE E
wEEES S ococoooo

Z2|lEYococoaeae nn S S0 S
u [ I F A e S T R R S S Sy
-] S| W W P o o — N0 0
5 5
= T L I RS = D =
E
Ed.

s A N e
R SRS I VN AV S
AT AW H e
.1\-J.ul.r\\r\\rra-..,;x.;mw - D
oy e N P S
M N R
FINT IV £ s oot
174 oo easapuprrrsetd
N 21 e mgermrrrer et
L O
e P PR,

B P
v e e e ——

| s e
e e e iidaiiaass el
P R R

PR R i s
SO R raenr

[ 88 vonzeces

VI LT T e

N MWW DT T T R veeae
VIV LV DT T MW ezeeey

I

oyob ]

12

!

T T LY

T
=
=
3]

3506
290
2300
170
1100

o 1]

Time CST

Figure 4-28. Flat average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-29. Zonal average winds at SMI, 0000 to 2300 CST for all study years.
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Figure 4-30. Zonal average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-31. Post-trough average winds at SMI, 0000 to 2300 CST, for all study years.
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Figure 4-32. Post-trough average winds at VRM, 0000 to 2300 CST, for all study years.
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Tropical storm average winds at SMI, 0000 to 2300 CST, for all study years.
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Figure 4-34. Tropical storm average winds at VRM, 0000 to 2300 CST, for all study years.
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Figure 4-35. Average overall daytime and nighttime T, profiles at SMI, June 1, 1998,
to May 31, 2001. Hour 12 is the daytime profile and Hour 00 is the
nighttime profile.
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Figure 4-36. Average overall daytime and nighttime T, profiles at VRM, June 1, 1998,
to May 31, 2001. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.

4-26



Height (ra]

Howur

—on
900 - 12

700 -

500

300

100 -

16 18 20 22 24 26 28 20 32 34

Figure 4-37. 1998 year average daytime and nighttime T, profiles at SMI, June 1, 1998,
to May 31, 1999. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.

Height [m]

Hour
— 0

700 -

500

300 -

100 -

16 18 20 22 26 28 a0 32 34

Figure 4-38. 1998 year average daytime and nighttime T, profiles at VRM, June 1, 1998,
to May 31, 1999. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.
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Figure 4-39. 1999 year average daytime and nighttime T, profiles at SMI,
June 1, 1999, to May 31, 2000. Hour 12 is the daytime profile and the Hour 00 is
the nighttime profile.
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Figure 4-40. 1999 year average daytime and nighttime T, profiles at VRM, June 1, 1999, to
May 31, 2000. Hour 12 is the daytime profile and the Hour 00 is the nighttime
profile.
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Figure 4-41. 2000 year average daytime and nighttime T, profiles at SMI, June 1, 2000, to
May 31, 2001. Hour 12 is the daytime profile and the Hour 00 is the nighttime

profile.
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Figure 4-42. 2000 year average daytime and nighttime T, profiles at VRM, June 1, 2000, to
May 31, 2001. Hour 12 is the daytime profile and the Hour 00 is the nighttime
profile.
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Figure 4-43. Fall average daytime and nighttime T, profiles at SMI, September 24 to
December 22. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.
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Figure 4-44. Fall average daytime and nighttime T, profiles at VRM, September 24 to
December 22. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.
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Figure 4-45. Winter average daytime and nighttime T, profiles at SMI, December 23 to
March 21. Hour 12 is the daytime profile and the Hour 00 is the nighttime

profile.
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Figure 4-46. Winter average daytime and nighttime T, profiles at VRM, December 23 to
March 21. Hour 12 is the daytime profile and the Hour 00 is the nighttime
profile.
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Figure 4-47. Spring average daytime and nighttime T, profiles at SMI, March 22 to
June 22. Hour 12 is the daytime profile and the Hour 00 is the nighttime
profile.
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Figure 4-48. Spring average daytime and nighttime T, profiles at VRM, March 22 to
June 22. Hour 12 is the daytime profile and the Hour 00 is the nighttime
profile.
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Figure 4-49. Summer average daytime and nighttime T, profiles at SMI, June 23 to
September 23. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.
Height [m]
Howr
— 0
300 - . 12
o0
500 -
300 -
100 -
1 1 | | 1 o
16 18 20 22 24 34

T,°C

v

Figure 4-50. Summer average daytime and nighttime T, profiles at VRM, June 23 to
September 23. Hour 12 is the daytime profile and the Hour 00 is the
nighttime profile.
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Figure 4-51. Ridge average daytime and nighttime T, profiles at SMI. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-52. Ridge average daytime and nighttime T, profiles at VRM. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-53. Weak ridge average daytime and nighttime T, profiles at SMI. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-54. Weak ridge average daytime and nighttime T, profiles at VRM. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-55. Weak trough average daytime and nighttime T, profiles at SMI. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-56. Weak trough average daytime and nighttime T, profiles at VRM. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-57. Trough average daytime and nighttime T, profiles at SMI. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-58. Trough average daytime and nighttime T, profiles at VRM. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-59. Cut-off low average daytime and nighttime T, profiles at VRM. Hour 12 is the

daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-60. Flat average daytime and nighttime T, profiles at SMI. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-61. Flat average daytime and nighttime T, profiles at VRM. Hour 12 is the daytime
profile and the Hour 00 is the nighttime profile.
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Figure 4-62. Zonal average daytime and nighttime T, profiles at SMI. Hour 12 is the daytime
profile and the Hour 00 is the nighttime profile.
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Figure 4-63. Zonal average daytime and nighttime T, profiles at VRM. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.

Height [m]

Houw

— 0

900 12
OO
ROO

100 -

I I 1 1 I I I
20 22 24 26 28 il 32 34

T, °C

v

Figure 4-64. Post-trough average daytime and nighttime T, profiles at SMI. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-65. Post-trough average daytime and nighttime T, profiles at VRM. Hour 12 is the
daytime profile and the Hour 00 is the nighttime profile.
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Figure 4-66. Tropical storm average daytime and nighttime T, profiles at VRM. Hour 12 is
the daytime profile and the Hour 00 is the nighttime profile.
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5. CHARACTERIZATION OF THE SURFACE FLUXES AND OTHER
PARAMETERS IN THE ATMOSPHERIC BOUNDARY LAYER USING
THE COARE ALGORITHM

This section describes atmospheric boundary layer analyses performed for the western
and central Gulf of Mexico. The results presented here are largely based on output from the
COARE algorithm. COARE has been demonstrated to accurately parameterize surface fluxes of
momentum, heat, and moisture, and various boundary layer scaling parameters over the ocean
using routine observations (Fairall et al., 1996a). COARE was originally derived from the
Tropical Ocean-Global Atmosphere Coupled-Ocean Atmosphere Response Experiment (TOGA-
COARE) research project. The TOGA program was intended to study the role of the tropical
oceans in climate and annual climate variability (Webster and Lucas, 1992). The TOGA-
COARE experiment made use of an extensive array of meteorological instruments and
platforms. Most of the fast-response turbulence data were taken from a research vessel, the R/V
Moana Wave, over several weeks. The data were then analyzed and the COARE program was
developed by an international team of boundary layer researchers.

The basic structure of COARE is an outgrowth of the Liu-Katsaros-Businger (Liu et al.,
1979) method, sometimes referred to as the LKB method. The COARE program was designed
to improve estimates of surface fluxes and scaling parameters in the surface boundary layer of
the atmosphere over the deep ocean in tropical regions (Fairall et al., 1996a). This program
estimates fundamental boundary layer scaling parameters such as the surface roughness length,
the friction velocity, the scaling temperature, the scaling water vapor mixing ratio, and the
Monin-Obukhov length (L). Standard boundary layer formulas can be used to estimate the
mixing depth and the vertical profiles of wind speed, T,, and water vapor mixing ratio (Stull,
1988; Garratt, 1992).

51 SUMMARY OF COARE PROGRAM VERSIONS AND MODIFICATIONS

The COARE program was originally released in 1993, and three new versions have been
used in the MMS Boundary Layer Study since it began in May 1998. Version 2.5b, released in
May 1997, included updated transfer coefficients and was used for this study until January 2000,
when version 2.6b was released. There were six minor differences between versions 2.5b and
2.6b, including a change in the Charnock “constant” to a parameter based on wind speed data
from Hare et al. (1999) and Yelland and Taylor (1996). Version 2.6b was used for this study
until June 2000. An improved version of COARE (version 2.6bw) was released in June 2000
and all COARE outputs presented in this report are from this latest version. An important
difference between version 2.6bw and the prior versions is that version 2.6bw incorporates
surface gravity wave information, based on wave height and period data. This change should
increase the accuracy of the estimates of surface fluxes and scaling parameters over shallow
areas, since the characteristics of waves differ from the deep ocean to the shallow coastal waters.
Our comparisons between the outputs from the two versions show few differences, except in the
derived roughness lengths, z,, for low-wind conditions. A consequence of the differences in
roughness lengths is a difference in the derived friction velocities, u*. The two are directly
related through the log wind profile relationship: u = (u*/0.4)In(z/z,).
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In addition to the changes made to the COARE program by its authors, STI made some
minor changes to the program, with guidance and approval from one of its authors, Dr.
Christopher Fairall. For example, we found that there was an occasional problem with the
evaporative cooling calculation due to unrealistically high amounts of solar energy estimated to
reach the ocean surface. The representation in COARE follows from laboratory measurements
with artificial light sources and ignores the fact that the solar flux reaching the surface of the
ocean has been partially absorbed by the atmosphere. In the equation for the net absorption by
the ocean (Equation 5-1), the leading coefficient was changed from 0.137 to 0.060, based on
tests performed by Dr. Christopher Fairall. This change provided a more realistic representation
of the actual absorption, which caused the evaporative cooling calculations to better agree with
observations. The original formula, still using the 0.137 coefficient, is given below:

Net = SW*(0.137+11*CST—6.6e-5/ CST*(1-exp(- CST/8.0e—4))) (5-1)

where:
Net = Net absorption by the ocean (Watts/m?)
SW = Incoming short wave radiation (Watts/m?)
CST= Cool skin thickness (m)

We discovered another problem in the COARE program: during early daylight hours,
under light-wind conditions with the air temperature warmer than skin temperatures (i.e., a stable
lapse rate), COARE calculated unrealistic skin temperature increases (up to 500°C). This was
caused by a lack of heat removal due to very small accumulated stress (surface momentum flux)
and a very thin (almost zero) warm layer thickness. To correct this problem, a minimum stress
of .002 N/m? was imposed for this calculation. This value was chosen after analysis of measured
stresses during TOGA-COARE (personal communication with Dr. Christopher Fairall, July
2002).

In addition to the changes to the basic calculations described above, the COARE program
was modified so that it could incorporate Eta model analyzed fields and/or predictions. The
capability to flag the COARE output based upon the validity of the incoming data was also
incorporated. (See Section 2 for a discussion of the QC flags.)

5.2 BACKGROUND ON THE COARE MODEL

To characterize the ABL characteristics in the Gulf of Mexico, we use the COARE model
to estimate the surface fluxes of momentum (also called the surface stress, t), sensible heat (Hs),
and latent heat (H;) from observations of wind speed (u), air temperature (T), and water vapor
mixing ratio (q,) at some standard reference height (z = z;) near the water surface, and the skin
temperature (Ts) at the water surface. The standard height (z;) could be, for example, the height
of the instruments on a buoy, a fixed tower (mounted on the sea floor), an oil platform, or a ship.
However, z; must be within the surface boundary layer, which usually has a depth of about 50 m.
The wind speed at the water surface is assumed to equal the water current speed (us) in the
direction of the wind. The potential temperature (6) at the height, z,, is assumed to equal
T (z) + (0.0098°C/m)z,. The skin temperature is defined as the temperature of the water that is
in contact with the air. The water vapor mixing ratio (q) is calculated from measurements of

5-2



temperature and relative humidity (RH) through the relation g = RH qs.(T). The water vapor
mixing ratio at the surface (Qsa) is an interfacial value that is computed from the saturation
mixing ratio for pure water at the skin temperature:

0s = 0.98 Qsat (Ts) (5-2)

where the dimensionless constant, 0.98, accounts for the reduction in water vapor pressure
caused by a typical salinity of 34 parts per thousand.

With the above definitions, which are explained in more detail in boundary layer texts
such as Garratt (1992) or Stull (1988), the standard bulk expressions for the surface fluxes
(positive when directed upwards) are

T=-paCq (Us— U’ = pa u* (5-3)
Hs = pa Cpa Ch Ur (Ts—6r) = pa Cpa U* T* (5-4)
Hi = paLe Ce Ur (s — Or) = pa Le U* O* (5-5)

where:
pa = air density
Cpa = Specific heat of air at constant pressure
L. = latent heat of water vapor

In Equations 5-3 through 5-8, Cg4, Cp, and C, are known as the bulk transfer coefficients
for stress or momentum, sensible heat, and latent heat, respectively. They are dimensionless
quantities that have magnitudes of about 0.0011 when the reference height, z,, equals about
10 m. These bulk transfer coefficients can be partitioned into coefficients cq, cr, and cq for
individual variables u, 6, and q, respectively:

Cd — Cdl/ZCd1/2 (5_6)
Ch: CdllZCTllz (5_7)
Ce — Cdl/ZCq]./Z (5'8)

The coefficients cq, Cr, and cq can be written (see equations 5-10 through 5-12) in terms of
Monin-Obukhov similarity theory as functions of reference height, z,, surface roughness length
(zo for momentum, zor for heat, and z,4 for water vapor), and Monin-Obukhov length, L, which
is defined as

L = (u*%0.4)/((g/T)(T* + 0.61 Tq*)) (5-9)

The parameter, 0.4, in this equation is the von Karman constant. Note that L is defined so as to
include the effects of the latent heat flux, which contributes to the flux of total buoyancy. The
effects of water vapor (i.e., the second term in Equation 5-9) are usually ignored in calculations
of L over land, but should be accounted for over warm ocean waters. Because water vapor is
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lighter than dry air (molecular weight of 18 for water vapor and 29 for dry air), it is possible to
have an upward flux of buoyancy (and hence an unstable boundary layer) when there is an
upward latent heat flux even though the flux of sensible heat (as determined by the dry bulb
temperature) is downward. Such a situation might occur when a hot dry air mass occurs over a
cool water surface.

For nearly neutral conditions (»), when z/L approaches 0.0, the coefficients cq, Ct, and cq
in Equations 5-6 through 5-8 are given by the neutral profile equations:

u*/(Ur = Us) = Can™? = 0.4/In(2:/20) (5-10)
T*/(6, — Us) = crn™’? = 0.4a/In(z/Zo7) (5-11)
q*/(ar — 0s) = Can™"? = 0.4a/In(z:/Z0q) (5-12)

where the constant “a” equals about 0.74, and the surface roughness lengths for heat and water
vapor are not necessarily the same as the surface roughness length for momentum (Garratt,
1992). These relationships lead to the following formulas for the scaling parameters:

u* = (Cq (Uy — Us)?)M? (5-13)
T* =1 (Ts- 0)) (5-14)
Q* =¢q"* (s — qr) (5-15)

For non-neutral conditions, when z/L is not zero, an additional term involving z/L has to
be added to the In(z/z,) term in Equations 5-10 through 5-12. In practice, an iterative procedure
is followed where u*, T*, and g* are first estimated using the neutral Equations 5-10 through
5-12, then L (proportional to u* and inversely proportional to T* and g*) is calculated and used
to recalculate u* etc. This procedure continues until the solution converges according to a preset
criterion.

The TOGA-COARE experiments verified the result from previous studies that, with
moderate to high wind speeds, the surface roughness length, z,, over the sea is proportional to
the momentum flux or stress, and is given by the Charnock relation:

Zo= o Uu* /g (5-16)

with a constant, a,, equal to 0.011. For light wind speeds, the term 0.11 v/u* should be added to
the right side of Equation 5-16, where v = 0.15 cm?/s is the molecular viscosity of air. Of course,
over the land, z, is independent of wind speed. For the latest version of COARE, there are
options to replace the Charnock relation by

Z, =1200. hw(hw/1)**+0.11 v/u* (Taylor and Yelland, 2001) (5-17)
or

Zo =50/2pi | (u*/c) *>+0.11 v/u* (Oost et al., 2001) (5-18)
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These equations use wave height (hw), wave length (1), phase speed (c), friction velocity
(u*), and kinematic viscosity of dry air (v) to calculate z,

The TOGA-COARE program also accounts for special situations such as periods with
light winds, periods with rainfall, and periods with significant cooling of the surface by
evaporation or warming of the near-surface layer by solar energy.

During light wind conditions, the effective average wind speed in the boundary layer
never truly drops to zero because of the presence of convective eddies and other turbulent
phenomena with time scales ranging from about 10 to 1000 seconds. Even though the measured
average wind speed may be near 0.0, that average is made up of several non-zero wind speeds
blowing from one direction and then another. The TOGA-COARE program, like other
meteorological boundary layer preprocessors (e.g., Hanna and Chang, 1992a) assumes that the
effective reference wind speed, uy, during unstable conditions is given by two components:

u? = u;? (observed) + (Bw*)? (5-19)
where w* is the convective scaling velocity, given by:
w*® = (g/T) ((Hs/paCpa) + 0.61 T (Hi/paLe)) h (5-20)

and h is the mixing height. Usually w* is about 1 m/s. The COARE data from TOGA suggest
that the constant, 3, equals 1.25.

A “Webb effect” correction is made by the COARE algorithm. This correction of about
4 w/m? to the latent heat flux term assures mass continuity when the density differences between
updrafts and downdrafts are considered.

If the skin temperature is not observed at the surface (e.g., from a radiometer observation)
but is observed by a sensor at some depth (say, 0.5 m to 1.0 m below the surface), the COARE
program calculates the skin temperature from the observed near-skin temperature at that depth.
The near-skin temperature is defined as the temperature of the water measured by the buoys at a
depth of approximately .5 m. The COARE program contains an algorithm to account for the
“cool skin” effect caused by evaporation of water from the surface, and also contains an
algorithm to account for the “warm layer” effect caused by warming of the surface layer due to
solar energy. The degree of surface warming is a function of the amount of vertical mixing in
the water boundary layer, which is, in turn, a function of the wind speed. During light winds, the
solar energy input can cause the water surface to warm by several degrees.

Corrections are also made to the momentum flux term and the heat flux term to account
for the effects of rain. For example, if the rain has a different temperature than the water surface,
the rain will contribute heat to the surface if the rain is warmer and will remove heat from the
surface if the rain is cooler. Also, the momentum carried by the rain as it strikes the surface will
affect the surface momentum flux. The surface stress due to heavy rain can be twice the surface
stress due to wind (Fairall et al., 1996a).
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5.3 IMPLEMENTATION OF THE COARE PROGRAM

The COARE program is being distributed by Fairall and his coauthors. The written
material from the (NOAA’s FTP site is reproduced in Appendix B and our modified version of
the FORTRAN code, cor2_6bfwMMS.for, is in Appendix C.

The COARE program requires input of the atmospheric measurement heights (wind
speed, air temperature, relative humidity) and the near-skin temperature sensor depth. The
mixing depth, h, is required, and Fairall et al. set a default value of h = 600 m for their TOGA-
COARE study area. Hanna et al. (1985) note that the h = 600 m assumption is fairly good for
most over-water boundary layers. The surface pressure and the approximate latitude and
longitude are required as inputs to the program. All predetermined constants (e.g., von Karman
constant) are automatically set to default values unless the user overrides them.

Next, a line of data in the form of a time series is input to COARE. Each line should
contain local time, u, Ts, Ty, gr, R (precipitation in mm/hr), R, (downwelling longwave radiation
flux in w/m?), and Rs (downwelling solar flux in w/m?)

For each line of input data, representing an averaging time of, say, one hour, the code
assigns a minimum wind speed of 0.5 m/s and neutral stability as a first guess and then calculates
a first estimate of u*, T*, and g*. It computes all temperature-dependent constants such as L.
and v. Then the program iterates or loops through successive calculations of u*, T*, and g* until
the solutions converge within stated limits.

The COARE program is sufficiently general that it can be applied to a wide variety of
platforms used for meteorological observations at sea. It has been tested with high-quality
research ship observations, with routine ocean buoy observations, and with data from non-
standard sources such as oil platforms. However, the COARE program has not been thoroughly
tested with data from shallow water, marsh, beach, or other coastal scenarios.

54  COMPARISON OF COARE MEASUREMENTS WITH TOGA-COARE
MEASUREMENTS

Fairall et al. (1996a) describe the detailed observations taken during TOGA-COARE, the
observations used to calibrate constants in the COARE algorithm, and the various modules of the
program. Because of the requirement (for climate change studies) to resolve the surface energy
balance with an accuracy of 10 W/m? or less, it was important to measure the many atmospheric
variables with an unprecedented degree of accuracy. The goals for the instrument accuracies
were 0.2 m/s for wind speed, 0.2 K for skin temperature and air temperature, and 0.2 g/kg for
water vapor mixing ratio. These goals were met during TOGA-COARE. Several figures
containing examples of observations and COARE model predictions of fluxes are given by
Fairall et al. (1996), showing agreement usually within about plus or minus 10% for stress, and
within roughly 5 W/m? for sensible heat flux and 25 W/m? for latent heat flux. The covariance
observations of fluxes have considerably more uncertainty than the inertial-dissipation
observations, due to the difficulties in observing the turbulent fluctuations from moving
platforms such as ships. In general, the relative uncertainties are largest for periods with light
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wind speeds. The results of sensitivity studies are also presented in the figures in Fairall et al.
(1996a), illustrating how the choice of “constants” such as 3 can have a large effect on the flux
calculations, especially at low wind speeds.

Fairall et al. (1996a) also included comparisons of flux predictions by the COARE
program with fluxes observed by the NCAR Electra Aircraft during flights at heights of 30 to
60 m. This comparison represents a good test of the method with independent data. A
comparison of the predictions and observations of latent heat flux, sensible heat flux, and stress
show that there is typically a range of about a factor of two, although the overall means are
predicted within plus or minus 5%.

5.5 APPLICATION OF THE COARE PROGRAM TO DATA COLLECTED IN THE
GULF OF MEXICO

As stated in Section 5.3, the COARE program requires the following input data: time
and site location; wind speed, air temperature, and relative humidity within the surface layer at
reference height z,; skin temperature or near-skin temperature plus radiation estimates; and
mixing height. If the near-skin temperature (i.e., observed at a depth of 0.5 to 1.0 m) is used
(such as the data collected at buoys and C-MAN stations), then solar and downwelling longwave
radiation fluxes need to be estimated from some alternate source in order to correct this observed
temperature to a skin temperature. Precipitation data is not required but, if available, can be used
by COARE to estimate the precipitation contribution to the energy balance equation. Wave
height and period data are not required, but, if available, can be used with COARE version 2.6bw
to account for the different wave structures and theoretically improve the accuracy of the
estimates of surface fluxes and scaling parameters over shallow ocean areas, such as the Gulf of
Mexico. For this application, the Taylor and Yelland (2001) method for calculating z, was used
(see Equation 5-17). If wave data were not measured, they were calculated from wind speed (u)
where wave height = 0.018*u®*(1+0.15*u) and wave period = 0.729*u.

e Data collected at offshore buoys and at the VRM, SMI, BIP, DWP, MBP, SWP, and
WDP platforms meet the COARE input data requirements.

e C-MAN stations collected all the required data except shortwave and longwave radiation.
These sites are not located in deep water and sometimes are located in marshes or on
beaches. The COARE program was “tuned” using deep-water data and may not
adequately handle the sea-state at shallow-water sites such as C-MAN stations.

However, based on discussions with Scientific Review Board members and Dr.
Christopher Fairall, it was concluded that the error produced by inaccurate representation
of the sea-state may be acceptable for the current study, where the emphasis is on flow
patterns and dispersion of pollutant plume released over the Gulf of Mexico, and the
accuracy requirements for surface fluxes are not as stringent as those for climate change
studies. Therefore, data from C-MAN stations were included in the analysis, but we treat
these COARE results with caution.

e The offshore buoy sites did not measure skin temperature or solar and downwelling
longwave radiation; thus, radiation fluxes were estimated using 6-hourly Eta model cloud
simulations and sun elevation data to estimate the required radiation fluxes needed to
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calculate the skin temperatures from temperatures at depths of about 0.5to 1.0 m. The
6-hourly radiation flux estimates from the Eta outputs were interpolated to hourly data for
each buoy location.

The following data were acquired and processed for input to COARE for the period from
May 1998 through October 2001.:

e Offshore buoy data from seven sites,
e Shoreline C-MAN station data from three sites,

e Data collected as part of this project on the VRM, SMI, BIP, DWP, MBP, SWP, and
WDP oil platforms, and

e Eta model predictions.

Figure 2-1 is a map of the Gulf of Mexico region, showing the locations of the
meteorological sites discussed above and in the following analyses. The analyses are intended to
identify similarities and differences among the boundary layer parameters at the sites. Itis
anticipated that the boundary layer parameters at the farther offshore sites such as DWP and SMI
are more characteristic of the open ocean, with fewer variations by season and by time of day,
whereas the parameters at the sites closer to shore, such as VRM and BIP, show some influence
of the nearby land surfaces.

The latest version of COARE (cor2_6bfwMMS.for) was used to calculate hourly sensible
heat flux, latent heat flux, friction velocity, temperature and relative humidity scaling parameters
(z/L), and roughness length using the three-plus years of hourly meteorological data from
14 sites and one year of hourly data from the BIP, DWP, MBP, SWP, and WDP platform sites.
Underwater temperature was corrected to skin temperature when no skin temperature was
measured. An additional COARE sensitivity run for the buoy data was performed where
underwater temperatures were used without correction to skin temperature. This was done to test
the influence of this correction on the boundary layer parameters.

Both statistical and case study analyses of the COARE input and output data were
performed. For the statistical analyses the following averages were computed:

e Monthly averages were calculated for the ABL observations and derived parameters at
each site. Averages were not computed if more than 25% of the data in a given month
were missing.

e Hourly averages were calculated by month for the ABL observations and derived
parameters at each site to investigate the diurnal cycles. The averages were not computed
if more than 25% of the data in a given month and hour were missing.

e Overall averages of the parameters were calculated for nine synoptic classes and for each
site to investigate the relationship between the large-scale weather patterns that are
characterized in Section 3 and the ABL parameters. No data availability criteria were
applied.
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e Averages were calculated for four surface flow direction classes (onshore, offshore,
parallel east, and parallel west) and for each site to investigate the relationship between
the flow direction and the ABL parameters. No data availability criteria were applied.

Four periods were selected for case study analysis. The periods selected capture a variety
of meteorological conditions, especially conditions for which transport of materials from
offshore areas is likely to impact onshore areas. The case study periods are

July 30 through August 1, 1999,
January 20 through 25, 2000,
January 4 through 6, 2001, and
September 18 through 20, 2001.

56 CLIMATOLOGICAL RESULTS

This section presents the results of the climatological analyses. Averages were reviewed
by month, by synoptic class, by flow direction, and diurnally by month. The 14 stations that
were analyzed are shown in Figure 2-1 and are denoted by the codes:

Buoys — 42001, 42002, 42007, 42019, 42020, 42035, and 42040
Oil Platforms — VRM, SMI, BIP, DWP, MBP, SWP, and WDP
C-MAN (coastal) - DPIAL, GDIL1, PTAT2, BURL1, and SRST2

Note that BURL1 and DPIAL are missing data necessary for COARE but the available
monthly average observations are described here.

The following discussions and figures are grouped separately: (a) the buoys, the VRM
and SMI platforms, and the C-MAN stations and (b) the BIP, DWP, MBP, SWP and WDP
platforms. The latter sites are part of the BAMP study which took place over a one-year period
near the end of the three-year study of the other sites. The figures described in the discussions
reflect the two groups and are designated (a) and (b).

5.6.1 COARE Results Grouped by Monthly Averages

Fluxes. The fluxes and scalar parameters calculated by the COARE algorithm in the Gulf
of Mexico are physically consistent with expectations and are similar to observations and
COARE calculations for TOGA, which took place in the warm western Pacific Ocean near the
equator. Calculated monthly average sensible heat fluxes (Figures 5-1a and 5-1b) in the Gulf of
Mexico ranged from about 5 to 30 W/m?, typical of other over-water areas. Similarly, calculated
monthly average latent heat fluxes (Figures 5-2a and 5-2b) ranged from about 50 to 150 W/m?,
also typical of other over-water areas. Both the latent and sensible heat fluxes were highest in
the late fall and early winter and lowest in the late spring and summer, although the yearly cycle
in latent heat values is less pronounced than the seasonal cycle. The largest fluxes shown in
Figures 5-1(a) and 5-2(a) occur at near-shore and/or the buoy sites, whereas the fluxes at the
VRM and SMI platforms shown in Figures 5-1(a) and 5-2(a) are more moderate and are similar
to the fluxes from the five platforms shown in Figures 5-1(b) and 5-2(b).
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These estimates of annual variations of latent and sensible heat fluxes are consistent with
lighter winds (Figures 5-3a and 5-3b) and smaller skin-air temperature differences
(Figures 5-4a and 5-4b) in the summer compared to other times of year. Calculated monthly
average sensible heat fluxes were about one-fifth the calculated monthly average latent heat
fluxes, and the differences between the two were generally greatest in the summer and smaller in
the late fall and winter.

The monthly average calculated total heat flux (sensible plus latent) is in fair agreement
(generally within a factor of two) among the sites in the Gulf of Mexico (Figures 5-5a and
5-5b). The largest relative variations (ranging from 20 to 170 W/m?) occurred in February when
the total heat flux was small due to the cool water temperatures and the small difference between
the skin and air temperatures. The smallest relative variations (ranging from 110 to 235 W/m?)
occurred in September when the total heat flux was large due to the warm water temperatures
and large difference between the skin and air temperature.

Eta Fluxes. The monthly average Eta model latent and sensible heat fluxes (Figures 5-6
and 5-7) were generally in good agreement with the calculated fluxes. However, the model
fluxes did not show as great a variation between sites as the calculated fluxes. In addition, the
model fluxes were about 20% greater than the calculated fluxes in the fall and early winter, but
were very similar during the spring and summer.

Friction Velocity. The COARE-calculated monthly average friction velocity, u*, shown
in Figures 5-8a and 5-8b. Figure 5-8a (the buoys, the C-MAN sites, and the SMI platform)
demonstrates agreement among the sites well within a factor of two and often within 20%. This
agreement is important because the monthly average friction velocity is the key scaling velocity
for estimating transport speeds and dispersion rates. However, Figure 5-8b (BIP, DWP, MBP,
SWP, and WDP platforms) and Figure 5-8a (VRM only) show mean friction velocities that are
about 30% to 40 % less than those in Figure 5-8a (for all other sites). Possible explanations are
that the wave height and frequency are estimated from wind speed at the platforms, whereas they
are measured at the buoys. Also, the platform wind observations are corrected from 20+ m to 10
m and the wind speed is, on average, less than at the other non-platform sites. All data show that
the calculated monthly average friction velocity was slightly lower from May through August
and peaked in late fall and early winter. The monthly average Eta model friction velocity
(Figure 5-9) showed the same yearly pattern as the calculated friction velocity. However, the Eta
model friction velocity was about 10% to 20% higher than the calculated friction velocity in the
fall and early winter. The difference in velocity likely explains why the Eta model fluxes were
slightly high during the same period.

Temperature and Humidity Scaling Parameter. The calculated monthly average
temperature scaling parameter and humidity scaling parameter generally showed a factor of two
or better agreement among sites (Figures 5-10a and 5-10b, and 5-11a and 5-11b, respectively).
The monthly average temperature scaling parameter tended to be smaller in April and May,
when the difference between the skin and air temperatures was at its minimum, and tended to be
larger in November through January, when the difference between the skin and air temperatures
was at its maximum. Conversely, the monthly average humidity scaling parameter tends to be
largest during the warmest period of the year (July through September) because moisture content
of the atmosphere is a strong function of temperature.
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Air Temperature. Monthly average air temperatures are plotted in Figures 5-12a and
5-12b. Very close agreement is evidenced among the sites from May through September when it
is hot (over 25°C) and the air temperature differences are minimal between near-shore and far-
offshore sites. At all sites, the temperatures were warmest in July and August (ranging from
24.5°C to 29°C) and coolest in winter (ranging from 11°C to 21°C). The difference in air
temperature was much greater between near-shore and offshore sites in winter compared to
summer (about 10°C in winter versus about 2°C in summer). This difference was probably due
to wintertime cold fronts influencing near-shore sites more than offshore sites. For example, the
average monthly air temperature at offshore buoys 42001 and 42002 was 21°C in January and
28°C in August (a 7°C range). On the other hand, the average monthly temperatures at the near-
shore sites, VRM, BIP, SWP, and SRST, were 12.5°C in January and 28.5°C in August (a 16°C
range).

Skin Temperature. Like the monthly average air temperatures, skin temperatures were
warmest in July and August and coolest in January and showed a similar site grouping
(Figures 5-13a and 5-13b). The far offshore near-skin temperatures at buoys 42001 and 42002
and at platform DWP showed the least amount of seasonal variation (about 6° to 8°C) compared
to the near-shore sites (about 17.5°C maximum at VRM and BWP between September and
January). The magnitudes of the sum of the latent and sensible heat fluxes generally follow the
annual variation of the skin temperature, with maxima in the late fall and minima in the late
spring.

Skin and Air Temperature Differences. The differences between the skin and air
temperatures were, on average, about +1° to +3°C at most sites all year (Figures 5-4a and 5-4b).
The differences were less in late spring and more in late fall and early winter. This persistent
positive temperature difference has been noted by Dr. Christopher Fairall at most other sites
located on warm water oceans.

Surface Wind Speed. Scalar monthly average wind speed showed good agreement
among sites (Figures 5-3a and 5-3b). The lowest speeds occurred in July and August and the
highest in December and January. For some years, there was a transition from lower wind
speeds in August to higher winds speeds in September and October. Weather maps indicate that
the high wind speeds in September and October on some years were probably a result of tropical
storms.

Relative Humidity. Average relative humidity was similar among sites and was about
75% in all months.

5.6.2 COARE Results Grouped by Synoptic Class and General Flow Direction

This section uses histograms to present information about the magnitudes of nine
COARE parameters for 14 monitoring sites for nine classes of synoptic conditions and for the
four general air flow directions (onshore, offshore, parallel east, and parallel west).

The nine COARE parameters are downwelling longwave radiation, shortwave radiation,
humidity scaling parameter, temperature scaling parameter, roughness, sensible heat flux, latent
heat flux, friction velocity, and wind speed.
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The nine synoptic classes are discussed in Section 3 and are denoted by the terms ridge,
weak ridge, flat, zonal, post-trough, trough, weak trough, cut-off low, and tropical storm. The
occurrences of the nine synoptic classes are listed in the table below. The counts in some classes
(Table 5-1), such as tropical storm and cut-off low, are quite low and, therefore, the numbers for
the average COARE parameters in Figures 5-14, 5-15, 5-16 through 5-21(a and b), 5-22
through 5-24, 5-25 through 5-30(a and b) and 5-31 have a broader confidence bound than the
numbers for the more heavily populated classes such as ridge and trough.

Table 5-1. Number of occurrences of each synoptic classification by year for the MMS

Boundary Layer Study.
I\\/(lggf Cﬁg\?\/ﬁ Flat trgjéh Ridge | Trough Tgi)cr))rlri]al \é\{gglg 'Iyr\{) euag;(h Zonal Total
1998 2 31 11 104 94 3 35 76 9 365
1999 6 30 18 107 85 0 36 61 23 366
2000 11 10 17 142 82 0 20 53 30 365
2001 6 24 7 36 10 3 16 20 2 124

The discussions in this section focus on the typical magnitudes and on the reasons for
differences that are observed.

Synoptic Class

Figures 5-14, 5-15, 5-16 through 5-21(a and b), and 5-22 contain histograms showing the
results of the average COARE calculations, divided into nine synoptic classes, for nine COARE
parameters and outputs. The wind speed data are observed rather than parameterized by
COARE. The highlights of the results are discussed by COARE parameter.

Downwelling Longwave Radiation — Longwave radiation is emitted in all directions by
gases and aerosols in the atmosphere; however, the component being analyzed is longwave
radiation directed down towards the water’s surface. Its magnitude is a function of temperature
and humidity and of the amount of cloud and fog. Longwave radiation was not observed by
on-site radiometers so it was parameterized based on cloudiness and temperature. Note that this
parameter is a COARE input rather than an output, and, when observations are not available, it is
based on estimates made by the Eta prognostic meteorological model. Figure 5-14 shows that
the Eta-predicted longwave radiation, averaged over a year or more, had little variation by
synoptic class or by site, ranging from about 290 to 420 W/m?. The magnitude may be less for
post-trough synoptic conditions since such periods are generally cool and clear. The magnitude
of longwave radiation was largest for tropical storms, which are marked by warm temperatures,
high humidity, and a maximum amount of aerosols (i.e., fog, clouds, and rain). Its magnitude
may be less for the most northerly sites: the C-MAN sites on the coast or the buoys near the
coast.

Shortwave Radiation — The incoming solar radiation flux is mostly in the shortwave
range, which is a strong function of cloud cover. Sometimes the shortwave radiation was

5-12



observed by a solar radiometer, but usually it was parameterized based on time of day and year,
latitude, and Eta model predictions of cloudiness and humidity. The range in Figure 5-15 is from
80 to 280 W/m?, which is a much larger range than for the longwave component. The
distribution with synoptic class makes physical sense, with maximum amounts during ridge
conditions which are known to be clear and sunny, and minimum amounts during weak troughs
or tropical storms which are known to be cloudy. The figure suggests that there was little
variation by monitoring site.

Humidity Scaling Parameter — The humidity scaling parameter is defined by Monin-
Obukhov similarity theory and is proportional to the latent heat flux divided by the friction
velocity. This parameter is not observed but must be calculated by COARE and has a factor of
seven variability, as shown in Figures 5-16a and b. Because the latent heat flux tends to be
maximized during periods with a low dew point in the air and/or periods when the skin
temperature is much higher than the air temperature, such as in the middle of a large high
pressure system, we expect the humidity scaling parameter to be largest as well during low
humidity periods or hot high pressure periods. This expectation is borne out in Figures 5-16a
and b, since the humidity scaling factor is larger during flat and ridge periods.

Temperature Scaling Parameter — The temperature scaling parameter is defined by
Monin-Obukhov similarity theory and is proportional to the sensible heat flux divided by the
friction velocity. It is calculated by COARE. This parameter has a large variability, from near
zero to about —0.22°C. Because the sensible heat flux tends to be maximized during periods
when the air is cooler than the water, such as after a cold front passes, we expect the temperature
scaling parameter to be largest during low temperature periods as well. This result is shown in
Figure 5-17, since the temperature scaling factor is much larger during post-trough periods. It is
smallest during tropical storms, when the air is likely to be at the same temperature as the water.
This parameter is expected to be largest at sites near land, for example, the C-MAN sites; the
sensible heat flux is larger over land than over water because land surface can heat up much
more under the sun’s effect at midday. Figure 5-17 suggests that the SRST2 C-MAN site has a
larger temperature scaling parameter; however, the PTAT2 and GDIL C-MAN sites did not
support this trend.

Roughness — The surface roughness over water is a function of wind speed. Itis
calculated by COARE based on the observed wind speed and the sea state. The Charnock
relation used in COARE states that roughness is proportional to the square of friction velocity.
Therefore, we would expect the roughness to be larger during synoptic periods with stronger
winds. This is exemplified by the buoy 42002 and SMI sites in Figures 5-18a and 5-18b, since
the largest roughness measurements occur during tropical storms; however, the opposite effect is
shown at other sites. Part of the reason for this inconsistency may be the problem identified
earlier, where a large roughness is calculated at small wind speeds (wind speed less than 2 m/s).
This is due to a COARE algorithm that adjusts the wave period to be very short during low
winds, but causes a large increase in roughness.

The variation in roughness is less at the BAMP platform sites (Figure 5-18b) and at the
VRM platform (Figure 5-18a), and the average magnitude of roughness is about 40% to 50% less
than the site data shown Figure 5-18a (excluding VRM). Possible explanations are that the wave
height and frequency are estimated from wind speed at the platforms, whereas, they are
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measured at the buoys. Also, the platform wind observations are corrected from 20+ mto 10 m
and wind speeds are, on average, less than the other non-platform sites

Sensible Heat Flux — The sensible heat flux is calculated by COARE using observations
of wind speed and the skin-air temperature difference. It increases as the wind speed and the
skin-air temperature difference increase. Figures 5-19a and 5-19b show that sensible heat flux is
maximized for post-trough synoptic conditions, which are likely to be marked by above-average
wind speeds and low air temperature. There is a factor of 10 variability across the nine synoptic
classes. There are some differences among the sites, but they are not consistent and need further
investigation.

Latent Heat Flux — The average latent heat flux shown in Figures 5-20a and 5-20b is
about an order of magnitude greater than the sensible heat flux shown in Figures 5-19a and
5-19b. In addition, less variability exists in the latent heat flux, perhaps because the latent heat
flux (calculated by COARE based on observations of wind speed, skin-air temperature
difference, and relative humidity) is generally positive, while the sensible heat flux can be
negative (when air temperature is greater than skin temperature). As noted, the latent heat flux is
consistently large during the post-trough synoptic condition due to higher wind speeds and lower
dew points that follow a cold front. It can also be large during tropical storms due to high
temperatures and strong winds.

Friction Velocity — The friction velocity is calculated by COARE using the log wind
profile relation. Since that relation has friction velocity proportional to wind speed, the friction
velocity values in Figures 5-21a and 5-21b are expected to be largest during high-wind periods.
In fact, the figures show the highest friction velocity values at most sites during tropical storms.
Aside from the anomaly during tropical storms, there is little variability in friction velocity from
site to site or with synoptic class. The friction velocity averages 0.2 m/s in Figure 5-21a and
0.12 in Figure 5-21b; the difference is due to the difference in estimated roughness, z, (see
discussion of roughness and Figures 5-18a and 5-18b).

Wind Speed — Wind speed is the only COARE parameter that is observed at all sites. It
is not calculated by COARE. Wind speed averages 6 m/s at non-platform sites and 4 m/s at
platform sites and varies in a manner similar to that of friction velocity. Figure 5-22 shows a
wind speed range of 4 m/s for ridge and flat classes at GDIL to 11.5 m/s for the tropical storm
class at buoys 42002 and 42035. Wind speeds shown are not corrected to a standard height.

General Flow Direction

Figures 5-23, 5-24, 5-25 through 5-30 (a and b), and 5-31 contain histograms showing the
results of the average COARE calculations, grouped by the four general flow directions, for the
nine COARE parameters. The highlights of the results are discussed by COARE parameter.

Downwelling Longwave Radiation —-Downwelling longwave radiation shows little
variation by flow direction or by station, ranging from 340 to 390 W/m? (Figure 5-23) Note that
this parameter is a COARE input rather than an output and, when observations are not available,
it is based on estimates made by the Eta prognostic meteorological model. The magnitude may
be less for offshore flow directions since such periods are generally associated with post-frontal
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northerly wind directions that would be cool and clear. The magnitude of longwave radiation is
largest for tropical storms, which are marked by warm temperatures, high humidity and much
cloud and rain. Its magnitude may be less for the most northerly sites, either the C-MAN sites on
the coast or the buoys near the coast.

Shortwave Radiation — The incoming solar radiation flux is mostly in the shortwave
range. This component is a strong function of cloud cover. If observations were not available,
Eta prognostic meteorological model predictions were used. Figure 5-24 suggests that there little
variation with site and with flow direction since the minimum and maximum values in the figure
are 170 and 290 W/m?, respectively. The shortwave radiation behavior is consistent at the
14 monitoring sites; the higher values averaged 240 W/m? for onshore and parallel west flow
directions, and lower values averaged 190 W/m? for offshore and parallel east flow directions.
There probably was slightly more cloud cover for offshore and parallel east flow directions.

Humidity Scaling Parameter — This parameter has a small (factor of two) variability
across the 14 sites and the four flow directions plotted in Figures 5-25a and 5-25b. Few obvious
trends are apparent. The values appear to be slightly larger for offshore than for onshore flow
directions, possibly reflecting drier air associated with offshore flows.

Temperature Scaling Parameter — The sensible heat flux tends to be maximized during
periods when the air is cooler than the water, such as for northerly offshore wind flow patterns.
Therefore, we expect the temperature scaling parameter to be largest during offshore flow
periods as well. This is shown in Figures 5-26a and 5-26b, since the temperature scaling factor
is much larger (usually more than a factor of two) at all 14 sites for offshore flow directions. Itis
smallest during onshore flow periods at the buoy sites, when the air is likely to be at the same
temperature as the water. At the oil platform and C-MAN sites, the temperature scaling
parameter is smallest during either onshore or parallel west flow directions.

Roughness — The surface roughness over water is a function of wind speed, wave height,
and time period. Therefore, roughness is expected to be larger during flow directions with
stronger winds. This effect is shown in Figure 5-27a for the seven buoy sites; the largest wind
speeds and, therefore the largest roughness values, are found for offshore flow directions;
however, there are no clear variations at the oil platform and C-MAN sites. Figure 5-27a
illustrates more variability in roughness, and larger mean values (by almost a factor of two) than
does Figure 5-27b (the BAMP platform sites).

Sensible Heat Flux — The sensible heat flux increases as the wind speed and the skin-air
temperature difference increase. Figures 5-28a and 5-28b show that sensible heat flux is
maximized for northerly offshore flow directions, which are more likely to be marked by above-
average wind speeds and by low air temperatures. The sensible heat flux is lowest for onshore
flow directions, when the boundary layer is in balance with the water surface. The average
difference in sensible heat flux for offshore and onshore flow directions across the nine stations
is about a factor of 10. Differences exist among the sites but they are not consistent and the
reasons for the differences are not obvious.
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Latent Heat Flux — The average latent heat flux shows some differences between offshore
and onshore wind directions at most sites. The latent heat flux is usually largest during offshore
(northerly) flows, which tend to be associated with post-trough synoptic conditions—higher
wind speeds and lower dew points that follow a cold front. With any offshore flow the dew
point in the air is likely to be less than that usually found over the water. The minimum latent
heat fluxes in Figures 5-29a and 5-29b occur with onshore flows, which would tend to be
boundary layer flows in balance with the water surface.

Friction Velocity — Fiction velocity is calculated by COARE using the log wind profile
relation. Figures 5-30a and 5-30b show the results. Because the friction velocity of the log wind
relation is proportional to wind speed, the largest friction velocity values were associated with
high-wind periods, which tended to occur with offshore winds. Minimum friction velocity
occurred during parallel west wind directions. There is little variability in friction velocity from
site to site. The average friction velocity at non-platform sites (Figure 5-30a) is larger, by about
50%, than the average friction velocity at the platforms (Figure 5-30b). As noted, the difference
is probably due to differences in estimated roughness length, z.

Wind Speed — Wind speed, shown in Figure 5-31, ranges from 4 m/s for onshore flows at
GDIL1 to 7.5 m/s for offshore flows at BURL1. At most sites, the maximum occurs during
offshore flows, which may be associated with post-cold front conditions from the north quadrant.

5.6.3 Diurnal Variations by Month

Seven sites were selected to analyze the diurnal variations by month of latent and sensible
heat fluxes, friction velocity, wind speed, and skin-air temperature differences. The sites include
buoy 42001 (a deep-water buoy); the VRM (near shore) and SMI (far offshore) platforms; buoy
42040 (a near-shore buoy site); a C-MAN site, GDIL; the BIP platform (in a shallows near
Breton Island); and the DWP platform (the deepest water platform site). The highlights of the
results are discussed below.

Buoy 42001 — The sensible heat fluxes show almost no diurnal variation, which makes
physical sense for an over-water site far from land (Figure 5-32). Maximum sensible heat fluxes
occur in December and January, when the water-air temperature difference is the greatest.

SMI - The sensible heat flux shows very little diurnal variation, but slightly more than at
buoy 42001 (Figure 5-33). At SMI in December, the greatest diurnal variation in sensible heat
flux is observed and is only about 20% (about 50 W/m? in the morning and 40 W/m? in the
afternoon). The variation is associated with a smaller friction velocity in the afternoon (see
Figure 5-34) and not due to variations in the T, profiles, which show almost no diurnal cycle in
December. During May, sensible heat fluxes are near zero during most of the daylight hours
because the water temperature is approximately equal to the air temperature. Figure 5-34 shows
that the mean friction velocity is 2.5 times larger in December than in July, due to a combination
of larger wind speeds and larger instabilities in December.

VRM - In June, July, August, and September, the latent heat flux shows minor peaks in
both the morning and afternoon (Figure 5-35). During the other months, the latent heat flux
shows very little diurnal variation. The latent heat flux is smaller in December and January than
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in July through September (50 W/m? versus 180 W/m?) because there is more water vapor
present in the atmosphere in the summer. In December, Figure 5-36 shows that the sensible heat
flux has a factor of two diurnal cycle, peaking at sunrise. The morning peaks in the sensible heat
flux are due to peaks in the difference between the skin and air temperatures (Figure 5-37). The
sensible heat flux in December is much higher (50 W/m? versus 20 W/m?) than during other
months. The high sensible heat flux in December is a result of a higher than average difference
between the skin and air temperatures and higher than average friction velocity. The slight
diurnal trend seen at VRM may be caused by its nearness to shore.

Buoy 42040 — The diurnal monthly profiles of sensible heat flux, shown in Figure 5-38,
are similar to those at SMI. They show a maximum diurnal variation of about 20% in December
and January. The maximum sensible heat flux (65 to 70 W/m?) occurs in December due to a
combination of higher than average friction velocity and differences between the skin and air
temperatures. Sensible heat fluxes in May and June drop to nearly zero due to the small water-
air temperature differences. The latent heat flux at Buoy 42040 shows less diurnal variation and
is also greatest in December (Figure 5-39). The December latent heat flux is about 230 W/m?
while the May latent heat flux is about 80 W/m?.

GDIL1 - The sensible heat flux curve indicates that GDIL1 is not strongly influenced by
land—the sensible heat flux is lowest in mid-afternoon (the opposite of a land station) and
highest in the early morning (Figure 5-40). Average sensible heat flux is also never negative at
night (land stations have negative sensible heat flux at night). However, the sensible heat flux
curve shows a diurnal cycle, ranging from 10 to 35 W/m? in the predawn hours to 4 to 12 W/m?
in the afternoon. The diurnal cycle closely follows the diurnal cycle of the difference between
the skin and air temperatures (Figure 5-41). The friction velocity is nearly constant throughout
the day (Figure 5-42). The latent heat flux curves are somewhat flatter than the sensible heat
flux curves but show slight peaks in the afternoon during the summer months (Figure 5-43).
The latent heat flux is not as sensitive as the sensible heat flux to water-air temperature
difference.

BIP — Figures 5-44 through 5-48 show diurnal curves, by month, for sensible heat flux,
latent heat flux, friction velocity, skin minus air temperature, and wind speed for the Breton
Island platform. Note that these data represent a shorter period (one year from September 2000
through September 2001) than data in previous figures (May 1998 through October 2001).
Figure 5-44 shows that the sensible heat flux has minimal diurnal variation and is largest (20 to
30 W/m?) in late fall and early winter when the water temperature is warmer than air
temperature. During other months, the sensible heat flux is small (less than 10 W/m?).

Figure 5-45 shows that the latent heat flux also has minimal diurnal variation and is largest

(150 to 200 W/m?) in July through October when the water temperature is highest. In February,
when water temperatures are cool, the latent heat flux drops to about 30 W/m?. The COARE-
calculated friction velocity, seen in Figure 5-46, shows minimal diurnal variation and varies by
as much as a factor of two from month to month. However, the month-to-month variation
appears random and no physical causes can be identified. The difference between skin and air
temperature shows a 1° to 2°C diurnal variation in Figure 5-47, with maximum values occurring
between 0800 and 0900 CST and minimum values between 2000 and 2400 CST. As noted for
other sites, the temperature difference is greater (2°C or more) in the fall and is smaller (between
—1° and 1°C in the late winter). The wind speeds, plotted in Figure 5-48, show little diurnal
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variation, and are about 30% less from July through September, when they are about 4 m/s
versus 5 to 6 m/s for most other months.

DWP - Figures 5-49 through 5-53 show diurnal curves, by month, for sensible heat
flux, latent heat flux, friction velocity, skin minus air temperature, and wind speed for the Deep
Water Platform. This site should be most representative of the “open ocean” for which the
COARE algorithm was developed. As noted in the BIP discussion, these data represent a
shorter period (one year from September 2000 through September 2001) than the data
represented in Figures 5-32 through 5-43 (May 1998 through October 2001). The DWP wind
speeds, plotted in Figure 5-49, show little diurnal variation and are about 30% less from July
through October (behavior similar to the BIP wind speeds plotted in Figure 5-48), when they are
about 3 m/s versus 4 to 5 m/s for most other months. Figure 5-50 shows that the sensible heat
flux has very little diurnal variation and is largest (15 to 25 W/m?) in late fall and early winter,
when the water temperature is warm relative to the air temperature (this is behavior similar to
that shown in the BIP data in Figure 5-44). During the other months, the sensible heat flux is
small (less than 10 W/m?, with the minimal average of 4 W/m? in May). Diurnal variation of the
latent heat flux, plotted in Figure 5-51, is also insignificant, and the latent heat flux is largest
(about 120 W/m?) in the fall, when the water temperature is greatest. In February, when water
temperatures are cool, the latent heat flux drops to about 70 W/m?. The COARE-calculated
friction velocity, seen in Figure 5-52, shows some diurnal variations but the variations are not
consistent from month to month. The average friction velocity varies by as much as a factor of
two from month to month. However, the month-to-month variation appears random and no
physical causes can be identified. The difference between skin and air temperature shows a 1° to
2°C diurnal variation in Figure 5-53, with maximum values occurring between 0400 and
0500 CST and minimum values at about noon. The plots of the same variable for BIP in
Figure 5-47 show the same diurnal shape but offset by 5 to 8 hours later in the day. As noted for
other sites, the temperature difference is greater (4°C or more) in the late fall and is smaller
(between —1° and 1°C) in the spring (e.g., negative or stable temperature differences occur in
May in the afternoon). A negative temperature difference will lead to a negative sensible heat
flux.

5.7 CASE STUDY ANALYSES

This section presents case study analyses of COARE model output for selected days and
comparisons to Eta model simulations. Case studies were performed for the following periods:

e January 20 through 25, 2000 — a period characterized by post frontal offshore flow on
January 20 and 21, followed by onshore flow on January 22 and 23, and strong offshore
flow on January 24 and 25.

e January 4 through 6, 2001 — a period of post upper-level trough (January 4 and 5) fading
into weak ridge, and a period with air temperature much warmer than skin temperature.

e July 30 through August 1, 1999 — a period with a strong upper-level ridge, surface high
pressure, and light winds.
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e September 18 through 20, 2001 — a period of weak onshore flow with a weak cold front
orientated west to east along the Gulf Coast from Houston, Texas, to Mobile, Alabama,
on September 20.

Time series of hourly-averaged observations, COARE-model outputs, and Eta-model
simulations of surface boundary layer fluxes at the sites in the Gulf of Mexico were analyzed for
several short (multi-day) time periods during different seasons and for different synoptic
scenarios. Analyses were performed to explain the physical relationships between the observed
variables and the calculated fluxes, and compare simulations of friction velocity, sensible heat
flux, and latent heat flux.

The COARE-calculated variables are based on observations at a specific monitoring
location. In contrast, the Eta model predictions represent averages over a grid square with
dimensions of 40 km x 40 km. Also, since the Eta model is a three-dimensional, time-dependent,
numerical weather prediction model, its predictions represent a solution to the equations of
motion, using some assimilation of observations such as from buoys but based primarily on
mass-conservation and other physical constraints.

The Eta model has no horizontal resolution at scales less than the grid size (40 km).
Consequently, if a monitoring site is being investigated near the Gulf of Mexico coastline, the
Eta model constructs an average of the land-use conditions within that grid square. If the grid
square consists of 75% land and 25% sea, the model will simulate that square as if it were mostly
land, with resulting diurnal patterns of heat fluxes more typical of land than sea.

5.7.1 Analysis of January 20-25, 2000

Data from January 20-25, 2000, from buoy 42040 are discussed here to illustrate the
analysis methods and the typical results. Buoy 42040 is located several tens of kilometers east of
the Mississippi River Delta.

This case study analysis was carried out in summer 2001 as a preliminary exercise, and
results were reported in a conference paper by Hanna et al. (2001). Subsequent subsections
discuss more recent case study analyses.

The time series of observed hourly-averaged air and skin temperatures and wind speed
are plotted in Figure 5-54. This was an active synoptic period, with large swings in wind speed
and air temperature. Air temperatures were 5-20°C cooler than skin temperatures for the first
two days and for the last day and a half. Wind speeds were moderate to strong (about 5 to
15 m/s) during these periods. However, from about 1800 CST on January 22 to about 1200 CST
on January 25, the air warmed slowly to approach and even exceed the skin temperature for over
12 hours. The winds dropped to near zero just before a frontal passage occurred at about
0300 CST on January 24, after which time the air temperature dropped 5°C in an hour and wind
speed rapidly increased to 16 m/s.
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Sensible Heat Fluxes

Eta model simulations were compared with COARE-estimated sensible and latent heat
fluxes. Eta model simulations produce forecasts up to 48 hours in the future in 6-hr increments.
In addition, the model is run every 12 hours, once at 0000 UTC (00 Z) and once at 1200 UTC
(12 Z), everyday. The 6- and 12-hr forecasts from the 00 Z and the 12 Z model runs were
combined to yield a continuous record of every sixth hour simulated sensible and latent heat
fluxes. A second continuous record was prepared using the 30- and 36 hr forecasts from the
00 Z and 12 Z model runs. In addition, the Eta-simulated sensible and latent heat fluxes every
six hours were interpolated to yield hourly values. The continuous records of simulated sensible
and latent heat fluxes were then compared to the COARE-estimated sensible and latent heat
fluxes.

Figure 5-55 shows the COARE-calculated and Eta-simulated sensible heat fluxes during
this time period. The COARE model used the buoy-observed meteorological variables and
produced very large (for the ocean) sensible heat fluxes with magnitudes of about 150 W/m?
between 2200 CST on January 20 and 0600 CST on January 21, when the skin-air temperature
differences were very large (5° to 10°C) and the wind speeds were also large (about 10 to
15 m/s). However, during the 12- to 15-hr period in the middle of the time series, when the air
temperature exceeded the skin temperature (i.e., stable conditions), the COARE-calculated
sensible heat fluxes were negative (i.e., towards the water surface) with magnitudes of about
10 W/m?. COARE will always calculate a negative sensible heat flux when the air temperature
exceeds the skin temperature. Figure 5-54 shows that the Eta model simulations of sensible heat
flux are only about 30% larger than the COARE-calculated values during the periods with large
unstable air-skin temperature differences. However, during the middle period, the Eta model
simulated positive (upward) sensible heat fluxes, in contrast to the negative (downward) COARE
sensible heat fluxes, although they are small (about 0 to 20 W/m?). This tendency is apparent for
all sites and periods. Occasionally, sites show periods with observed air temperatures warmer
than skin temperatures leading to COARE-calculated negative heat fluxes, while the Eta model
usually simulates positive (but small) heat fluxes. During the late spring, the air temperature
observed to be greater than the skin temperature about 20% to 40% of the time can lead to long
periods of mismatches in the signs of the COARE-calculated and Eta simulated sensible heat
fluxes.

Latent Heat Fluxes

Figure 5-56 shows the COARE-calculated and Eta-simulated latent heat fluxes from
January 20-25 at buoy 42040. Large latent heat fluxes of about 500 W/m? were calculated by
both COARE and Eta for the unstable periods with moderate winds near the beginning and end
of the five days. This is the same magnitude as the incoming solar heat flux at the water surface
on a summer day. These large sensible heat fluxes are due to the large difference between the
skin and air temperatures and the moderate wind speeds. Note from Figure 5-54 that, even in
January, the Gulf of Mexico skin temperature is still fairly warm (about 21°C) implying that the
saturation-specific humidity is large and, therefore, allows large latent heat fluxes to occur.
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During the 12- to 18-hr period on January 23 when the air temperature slightly exceeded
the skin temperature and winds decreased, COARE-calculated latent heat fluxes decreased to
values as low as 20 W/m?.

The Eta-model simulations of latent heat flux plotted in Figure 5-56 approximately track
the COARE calculations, with differences of about 30% during the two periods with high fluxes.
During the period with small fluxes, the Eta simulations are similar to the COARE calculations.
There appears to be no relation between the age of the Eta simulation and the agreement with the
COARE curve in the figure.

5.7.2 Analysis of January 4-6, 2001

This case study is based on data collected at the VRM platform from January 4-6, 2001.
The VRM site is only a few km off the Louisiana coast. Just prior to January 4, a trough had
passed through the Gulf of Mexico region and a weak ridge was building into the area.

Figure 5-57 contains time series plots of hourly averaged wind speed, air temperature,
skin temperature, and relative humidity for the three-day period. All but the skin temperature
were observed at an elevation of about 25 m msl, or about 3 m above the surface of the oil
platform.

This case study was characterized by steadier conditions than those during the January
2000 case study. Air temperature varied between 9° and 17°C and skin temperature varied
between 7° and 13°C, with a steady increase through the three days. Air temperature was warmer
than skin temperature (i.e., a stable T, profile) by 1° to 5°C during most of the period, except
between 1300 and 1800 CST on January 6, when the air temperature was about 1°C less than the
skin temperature (i.e., an unstable T, profile). Wind speed was light (between 0 and 7 m/s) with
periods of very light winds (wind speeds less than 2 m/s) on January 4 and 6. Relative humidity
ranged from 55% to 95%, with the higher values associated with decreases in air temperature,
probably due to cloudy conditions.

COARE Outputs of Friction Velocity and Sensible and Latent Heat Fluxes

Figure 5-58 illustrates the COARE outputs of hourly-averaged friction velocity and
sensible and latent heat fluxes. Friction velocity closely follows the shape of the wind speed
time series observations, ranging from near zero during nearly calm periods to 0.18 m/s during
periods with wind speeds of 6 to 7 m/s. In general, wind speed divided by friction velocity
equals 30 to 40, which was a slightly larger value than at the buoys because the observing height
was high (25 m) on the oil platforms. The sensible and latent heat fluxes were small (magnitudes
of less than 20 W/m?) because of the stable T, profile, cool temperatures, and weak winds.

The sensible heat flux was negative (i.e., downward towards the sea surface) or near zero
most of the time because the air temperature was usually warmer than the skin temperature. An
exception was midday on January 6, when skin temperature was greater than air temperature for
a few hours and the sensible heat flux switched to positive values, still less than 5 W/m?.
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The latent heat flux reached maximum values of about 20 W/m? from 0300 to 0400 CST
on January 4 (with low relative humidity and high wind speeds) and from about 1500 to
1800 CST on January 6 (with high relative humidity and an unstable T, profile). Note that the
sensible heat flux does not necessarily have the same sign as the latent heat flux.

COARE Outputs of Wave Height and Period and Surface Roughness

The wave characteristics and the surface roughness length estimated by COARE are
plotted in Figure 5-59. The observed wind speed is also plotted. The estimated surface
roughness length is bimodal, with a value of 0.00005 m (i.e., 0.05 mm) with wind speeds greater
than 2 m/s. When wind speeds were greater than 2 m/s, the wave height ranged from 0.5t0 1 m
and the wave period ranged from 2 to 5 seconds. However, when wind speeds were less than
2 m/s and wave height was small, the wave period was parameterized to drop to 1 second, and
the surface roughness length was estimated to increase by an order of magnitude from 0.0005 to
0.001 m (0.5 to 1 mm). Estimates of surface roughness length when wind speeds were less than
2 m/s appeared to be too large and did not agree with the Charnock relation for surface
roughness length over water that states that surface roughness length is proportional to friction
velocity squared (or wind speed squared).

Comparison of COARE and Eta Outputs of Sensible and Latent Heat Fluxes

The COARE estimates of sensible and latent heat fluxes were made using observations
from the VRM oil platform. Eta forecasts of sensible and latent heat fluxes were based on
fundamental solutions to the equations of motion, using some observations at buoys and on-shore
rawinsonde sites to generate analyzed fields for inputs. Figure 5-60 compares these estimates
for the January 4-6, 2001, period.

Recall that over most of the period, sensible and latent heat fluxes were small and often
negative because the air temperature was greater than the skin temperature during most of the
three-day period. The COARE estimates were quite different from the Eta simulations, which
had a marked diurnal variability that was not present in the COARE outputs. The Eta-predicted
fluxes peaked at noon, with values of about 150 W/m? for latent heat flux and about 100 W/m?
for sensible heat flux. These magnitudes were an order of magnitude larger than the magnitudes
from COARE. Even at midnight, the Eta-predicted latent heat flux was still 20 to 30 W/m?. In
general, the Eta-predicted latent heat flux never dropped below zero. However, the Eta-predicted
sensible heat flux predictions dropped below zero during the nights of January 5 and 6,
somewhat in agreement with the COARE estimates.

Comparison of COARE and Eta Outputs of Hourly-averaged Friction Velocity

The COARE and Eta estimates of hourly-averaged friction velocity are plotted in
Figure 5-61. On average, the Eta-predicted hourly-averaged friction velocity values were about
0.2 m/s whereas the COARE hourly-averaged friction velocity values were about 0.05 m/s, a
difference of a factor of four. This difference was probably caused by differences in the
parameterized stability. COARE accounts for the observation that air temperature greater than
skin temperature assumes stable conditions most of the time, while Eta assumes unstable
conditions most of the time and much larger sensible and latent heat fluxes.
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The COARE estimates of observing height divided by L are also shown in Figure 5-61.
Positive (stable) values occurred most of the time. Observing height divided by L became
slightly negative for a few hours on January 6 when both sensible and latent heat fluxes were
negative (upward). Since the observing height was about 25 m, it can be inferred that L was as
low as 0.2 m during the few periods (e.g., near noon on January 4 and near 0900 CST on
January 6) with very light winds and air temperature greater than skin temperature. Because L is
proportional to friction velocity cubed, L is a very strong function of wind speed.

5.7.3 Analysis of July 30-August 1, 1999

This case study is based on data collected at the VRM and SMI platforms from July 30 to
August 1, 1999. The VRM site is only a few kilometers off the Louisiana coast, while the SMI
site is about 100 km offshore. A strong upper-level synoptic ridge was present during this period
with a surface high pressure system centered over the Gulf of Mexico and associated light winds.
This is a typical mid-summer scenario.

Figures 5-62a and 5-62b are time series plots of hourly-averaged wind speed, air
temperature, skin temperature, and relative humidity for the three-day period at VRM and SMI,
respectively. All but the skin temperature were observed at an elevation of about 25 m msl, or
about 3 m above the surface of the oil platform.

This case study was characterized by much warmer conditions than the January case
studies. A major difference was the skin temperature—in January it was consistently lower than
the skin temperature during the summer. For the July 30-August 1 period, air temperature was
nearly constant at VRM and SMI, varying between 28° and 31°C. Skin temperature was also
nearly constant at VRM and SMI, varying between 30° and 33°C. Skin temperature was warmer
than air temperature (i.e., an unstable T, profile) by an average of about 1° to 2°C during most of
the period. An exception occurred during the few hours around noon each day, when the skin
and air temperatures were nearly equal (i.e., neutral T, profile). Wind speed averages were
slightly higher at VRM than at SMI (4 m/s versus 2.5 m/s, respectively). The wind speed
dropped below 2 m/s about half the time at SMI. Relative humidity was fairly constant at about
70% at both sites.

COARE Outputs of Friction Velocity and Sensible and Latent Heat Fluxes

Figures 5-63a and 5-563b illustrate the COARE parameterizations of hourly-averaged
friction velocity and sensible and latent heat flux. Friction velocity averaged about a factor of
two lower at SMI than at VRM (0.07 m/s versus 0.14 m/s, respectively). In general, wind speed
divided by friction velocity equaled about 30, in rough agreement with what was found for the
January 5-6, 2001, case study. The COARE-estimated latent heat fluxes were always larger than
50 W/m? but reached larger maxima (220 W/m? versus 160 W/m?) at VRM than at SMI because
of the larger wind speeds at VRM.

The sensible heat flux is also about twice as large at VRM as at SMI and is nearly always
positive (i.e., upward from the sea surface) because the air temperature is usually a few degrees
cooler than the sea temperature. An exception occurred at noon on all three days at SMI, when
the skin temperature was approximately equal to or less than the air temperature for a few hours
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and sensible heat flux values became negative (downward), but these values were small (less
than 5 W/m?). The maximum upward sensible heat flux at VRM was about 30 W/m? and at SMI
about 20 W/m?; both maximums occurred during the night, from 0000 to 0600 CST on July 31.

The maximum latent heat fluxes are about seven times the maximum sensible heat fluxes,
as is found at most over-water sites in mid-summer.

COARE Outputs of Wave Height and Period and Surface Roughness

The hourly-averaged wave characteristics and the surface roughness length estimated by
COARE for VRM and SMI for this case study are plotted in Figures 5-64a and 5-64b. The
observed wind speed is also plotted. Because of the high frequency of wind speeds less than
2 m/s at SMI, there was a strong bimodal distribution of COARE-calculated surface roughness
length at that site, with a value of about 0.00002 m (i.e., 0.02 mm) and wind speeds greater than
2 m/s. When the wind speed was greater than 2 m/s, the wave height ranged up to 0.5 m and the
wave period ranged from 2 to 4 seconds. However, when the wind speed was less than 2 m/s
and the wave height was small, the wave period was parameterized to drop to 1 second and the
surface roughness length was estimated to increase by an order of magnitude to about 0.0005 m
(i.e., 0.5 mm). These surface roughness length estimates when wind speed was less than 2 m/s
appear to be too large and do not agree with the Charnock relation for surface roughness length
over water that states that surface roughness length is proportional to friction velocity squared (or
wind speed squared).

At VRM, where the wind speeds are generally higher than at SMI, the wind speed
dropped below 2 m/s during the morning of August 1, and surface roughness length increased by
an order of magnitude.

Comparison of COARE and Eta Outputs of Sensible and Latent Heat Flux

The COARE estimates of sensible and latent heat flux were made using observations
from the VRM and SMI oil platforms. The Eta forecasts of sensible and latent heat flux were
based on fundamental solutions to the equations of motion, using some observations at buoys
and on-shore radiosonde sites to generate analyzed fields for inputs. Figures 5-65a and 5-65b
compare these estimates for the July 30 to August 1, 1999, period.

The COARE parameterizations of sensible and latent heat flux agree fairly well, on
average, with the Eta forecasts of these fluxes. This is the type of scenario (warm summer
periods) for which COARE was derived and calibrated, and Eta does well with these periods of
persistent summertime conditions. Eta appears to match the average COARE latent heat flux
values at VRM and SMI fairly well, although the time variations are not well-simulated. For
example, at VRM, Eta predicts a strong diurnal variation of latent heat flux, while the diurnal
variation is not found at all in the COARE parameterizations. The diurnal behavior simulated by
Eta may be partly explained by the fact that the Eta grid square containing the VRM site includes
a fraction of land surfaces.

The Eta sensible heat fluxes at SMI are in good agreement with the COARE values of
0 to 20 W/m? At VRM, the Eta forecasts of sensible heat flux tend to have a strong diurnal
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variation, with a peak value of about 50 W/m? at noon each day, dropping to zero or below at
night. The COARE parameterizations of sensible heat flux do not show this diurnal variability
and the values are lowest values at midday when the Eta forecast values have are highest.

Comparison of COARE and Eta outputs of hourly-averaged friction velocity

The COARE and Eta estimates of hourly-averaged friction velocity are plotted in
Figures 5-66a and 5-66b for VRM and SMI, respectively. On average, the Eta-predicted
hourly-averaged friction velocity values are about a factor of two larger than the COARE values.

The COARE estimates of the observing height divided by L are also shown in the figures.
Negative (unstable) values occurred all the time, with the observing height divided by L equal to
about -3 at VRM and —-10 at SMI. Since the observing height was about 25 m, it can be inferred
that L was about —=7 m at VRM and about —2.5 m at SMI. The smaller magnitudes of L at SMI
were caused by the smaller wind speeds.

5.7.4 Analysis of September 18-20, 2001

This case study was based on data collected at the VRM and SMI platforms from
September 18-20, 2001. This period was marked by weak onshore flow. On September 20, a
weak cold front was oriented west-to-east along the Gulf Coast from Houston, Texas, to Mobile,
Alabama.

Figures 5-67a and 5-67b are time series plots of hourly-averaged wind speed, air
temperature, skin temperature, and relative humidity for the three-day period for VRM and SMI,
respectively. All but the skin temperature were observed at an elevation of about 25 m msl, or
about 3 m above the surface of the oil platform.

This case study was characterized by conditions similar to, but slightly cooler than, those
in the July-August case study. The air temperatures in September were only a few degrees lower
than those in July, and the skin temperature was usually less than the skin temperature in July.
Air temperature varied from 24° to 33°C at VRM and from 26° to 30°C at SMI. Skin temperature
was more constant over the three days at VRM and SMI, varying between 27° and 32°C. Skin
temperature was warmer than air temperature (i.e., an unstable T, profile) by an average of about
1 to 2°C during the entire three-day period at SMI and about half the time at VRM. An
exception occurred at VRM from 0500 to 1300 CST on September 19 and from 2100 CST on
September 19 to 1200 CST on September 20, when air temperature exceeded skin temperature
by as much as 5°C (i.e., a stable T, profile). This phenomenon may have been related to the
presence of a cold front along the coast, since VRM is much nearer the coast than SMI. Wind
speed ranged from near zero to about 8 m/s at both VRM and SMI, with speeds of about 5 m/s
for the first half of the period, dropping to 1 or 2 m/s for the last half of the period. The wind
speed dropped below 2 m/s for a small fraction of the time at both sites. Relative humidity was
fairly constant at about 80% at both sites.
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COARE Outputs of Hourly-averaged Friction Velocity and Sensible and Latent Heat Flux

Figures 5-68a and 5-68b (for VRM and SMI, respectively) illustrate the COARE
parameterizations of hourly-averaged friction velocity and sensible and latent heat flux. Hourly-
averaged friction velocity averaged about 0.15 m/s at SMI during the first half of the period, then
averaged about 0.005 m/s during the last half of the period, due primarily to the reduction in
wind speed in the last half of the period. In general, wind speed divided by friction velocity was
about 30 to 40, in rough agreement with similar conditions in the January and July case studies.

The COARE-estimated latent heat fluxes were always larger than 30 W/m? with a
maximum of 230 W/m? at SMI, where air temperature was always less than the skin temperature.
At VRM, the maximum latent heat flux was the same as at SMI, but the minimum was near zero
or slightly less than zero for the several hours when the air temperature was greater than the skin
temperature.

The maximum sensible heat flux was about 40 W/m? at both VRM and SMI. The
maximum occurred at a time when the wind speed and the difference between the skin and air
temperatures were large (8 m/s and 5°C, respectively). The minimum sensible heat flux at SMI
was nearly zero when winds were low and the air and skin temperatures were nearly equal.
However, at VRM, the minimum sensible heat flux was negative (about —10 W/m?) because skin
temperatures were lower than air temperatures at that site.

The maximum latent heat fluxes were about six times the maximum sensible heat fluxes,
in agreement with results for the July case study and those found at most over-water sites in the
summer.

COARE Outputs of Wave Height and Period and surface Roughness

The hourly-averaged wave characteristics and the surface roughness length estimated by
COARE for VRM and SMI in September are plotted in Figures 5-69a and 5-69b. The observed
wind speed is also plotted. The results are similar to those found for the other case studies in that
there was a strong bimodal distribution of COARE-calculated surface roughness length at both
sites. A surface roughness length value of about 0.00003 m (0.03 mm) was calculated when
wind speeds exceeded 2 m/s. However, when wind speeds were less than 2 m/s, surface
roughness length was estimated to increase by more than an order of magnitude from 0.0005 to
0.001 m (0.5 to 1 mm).

Comparison of COARE and Eta Outputs of Sensible and latent Heat Flux

The COARE estimates of sensible and latent heat flux were made using observations
collected from the VRM and SMI oil platforms. The Eta meteorological forecast model bases its
forecasts of sensible and latent heat flux on fundamental solutions to the equations of motion,
using some observations at buoys and on-shore radiosonde sites to generate analyzed fields for
inputs. Figures 5-70a and 5-70b show a comparison of these estimates for the
September 18-20, 2001, case study period.
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As with the July case study, the COARE parameterizations of sensible and latent heat
flux agreed fairly well, on average, with the Eta forecasts of these fluxes. This was the type of
scenario (warm summer periods) for which COARE was derived and calibrated. Eta appeared to
match the average and the maximum COARE latent heat flux values at VRM and SMI, although
the time variations were not well-simulated. For example, at VRM, Eta predicted a strong
diurnal variation of latent heat flux, with peaks near noon and minima near midnight, while the
diurnal variation was minimal in the COARE parameterizations. Part of the reason for the
diurnal fluctuations forecasted by Eta may be that the grid cell in which VRM is located includes
mostly land surfaces. Both COARE and Eta agree on the low latent heat flux values from
0000 to 0600 CST on September 20, when the cold front, which was oriented along the Gulf
Coast, was near the VRM site.

At the SMI site, located 100 km south of the VRM site and the cold front, the COARE-
and Eta-simulated latent heat flux did not drop as low as at VRM.

The Eta-simulated sensible heat fluxes at the far-offshore site, SMI, were in good
agreement with the COARE values of 0 to 40 W/m?. At the VRM site nearer the shore, the Eta
forecasts of sensible heat flux tended to have a strong diurnal variation, with a peak value of
40 to 110 W/m? at noon each day, dropping to below zero (about —10 W/m?) at night. The
COARE parameterizations of sensible heat flux did not show this diurnal variability and were
determined by the difference between the skin and air temperatures. For the few hours when the
difference between the skin and air temperatures was greater than zero (i.e., stable), the COARE
simulations of sensible heat flux ranged from —10 W/m? to zero.

Comparison of COARE and Eta Outputs of Hourly-averaged Friction Velocity

The COARE and Eta estimates of hourly-averaged friction velocity for the September
case study are plotted in Figures 5-71a and 5-71b, for VRM and SMI, respectively. As for the
July case study, on average, the Eta-predicted hourly-averaged friction velocity values were a
factor of two larger than the COARE values.

The COARE estimates of the observing height divided by L are also shown in the figures.
Negative (unstable) values occurred all the time at SMI, with the observing height divided by L
equal to -5 to -2 at the beginning of the period and —3 to —35 for the last half of the period. At
VRM, where there were several stable periods (i.e., when the difference between the skin and air
temperatures was greater than zero), observing height divided by L was both positive (stable)
and negative (unstable), ranging from —10 to +65.

5.7.5 Summary of Results of Four Case Studies

The case study analyses of COARE and Eta outputs focused on three monitoring sites:
buoy 42040, the VRM platform, and the SMI platform. Buoy 42040 is a few tens of kilometers
east of the Mississippi Delta, the VRM site is only a few kilometers off the Louisiana coast, and
the SMI site is about 100 km offshore.

Four representative multi-day case study periods were chosen for analysis:
January 20-24, 2000; January 5-6, 2001; July 30-August 1, 1999; and September 18-20, 2001.
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The previous four subsections discussed the results of the analyses of the individual case studies,
and this subsection provides summary conclusions.

For each case study period, time series of observed hourly-averaged wind speed, air
temperature, skin temperature, and relative humidity were plotted for the multi-day period for
each monitoring site. These observations were used as inputs to the COARE program, which
provided estimates of friction velocity, sensible heat flux, and latent heat flux. The COARE
estimates were compared with predictions made by the Eta numerical weather prediction model.

The four case studies cover a range of meteorological conditions. For example, the
January 20-24, 2000, period was an active synoptic period, with frequent moderate winds, large
fluctuations in air temperature, and large swings in sensible and latent heat flux. The
January 5-6, 2001, period was cool but with the air temperature warmer than the skin
temperature most of the time, leading to frequent stable conditions. The July 1999 and
September 2001 periods were typical summertime periods when the skin temperature was
usually greater than the air temperature (i.e., unstable conditions) and winds were light to
moderate.

COARE Outputs of Friction Velocity and Sensible and Latent Heat Flux

A few general conclusions can be reached about the COARE outputs. In general, wind
speed divided by friction velocity equals 30 to 40 for the COARE estimates for all the case
studies, in rough agreement with the logarithmic wind profile formula u/u* = 2.5 In (z/z,) where
u is wind speed, u* is friction velocity, z is observing height, and z, is surface roughness length.
This is valid for nearly neutral conditions and observing height divided by surface roughness
length equal to about 1000 to 100,000. These ratios of surface roughness length are valid for the
ranges of observing height (2 to 25 m) and surface roughness length (0.00002 to 0.001 m)
encountered in the case studies.

On average, during most periods with skin temperatures greater than air temperatures
(i.e., an unstable T, profile), the COARE-estimated latent heat fluxes were 5 to 10 times larger
than the sensible heat fluxes, in agreement with the results found at most over-water sites. At
these times, both the sensible and latent heat fluxes were roughly proportional to friction
velocity. The “skin temperature greater than air temperature” scenario occurred a majority of the
time in the three and a half years of Gulf of Mexico data, at most ocean sites at low to mid
latitudes.

Latent heat fluxes were estimated by COARE to equal about 100 to 200 W/m? when air
temperatures were greater than skin temperatures during typical summertime periods. During
the January 20-25, 2000, case study, there was a period of 20 or 30 hours, after a cold front
passage, when a large difference between skin and air temperatures occurred with a large wind
speed, which led to exceptionally large latent heat flux values of about 500 W/m?. Latent heat
flux rarely becomes negative during periods with skin temperatures less than air temperatures
and high relative humidity.

Sensible heat fluxes were usually positive upward with magnitudes of 50 W/m? or less
when skin temperatures were less than air temperatures (i.e., most of the time). When skin
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temperature was less than air temperature, the sensible heat flux became negative, but had a
magnitude of less than 10 W/m?.

The sensible heat flux was negative more often than the latent heat flux because the
sensible heat flux is negative whenever the skin temperature is less than the air temperature.
However, the latent heat flux becomes negative only when the skin temperature is less than the
air temperature and the relative humidity of the air near the surface is very high.

COARE Outputs of Wave Height and Period and Surface Roughness Length

The hourly-averaged wave characteristics and the surface roughness length estimated by
COARE were plotted and analyzed. In general, the Charnock relation, z, = au** (where z, is
surface roughness length, a is a constant, and u* is friction velocity), was valid for moderate to
high wind speeds (greater than 2 m/s), when an average surface roughness length value of
0.00002 m to 0.00005 m (0.02 to 0.05 mm) was estimated by COARE for these case studies.
However, when wind speed was less than 2 m/s, surface roughness length was estimated by
COARE to increase by more than an order of magnitude to 0.0005 to 0.001 m (0.5 to 1 mm).
This strong bimodal distribution of COARE-calculated surface roughness length was found for
all four case studies and is thought to be caused by the revised surface roughness length
formulation, which allows surface roughness length to be prescribed as a function of wave height
and period. For wind speeds less than 2 m/s, COARE parameterized a large decrease in wave
period (from 4 to 5 seconds to 1 second), which translated into an increase in surface roughness
length.

Comparison of COARE and Eta Outputs of Sensible and Latent Heat Flux

The COARE estimates of Hs and H, were made using observations at buoy 42040 or the
VRM and SMI oil platforms. The Eta model forecasts of sensible and latent heat flux were
based on fundamental solutions to the equations of motion, using some observations at buoys
and on-shore radiosonde sites to generate analyzed fields for inputs.

As previously mentioned, for observing sites close to shore such as VRM, the
encompassing Eta horizontal grid square may include a portion of the coast and the inland area.
Consequently, Eta may model that grid square as if it is not 100% over water, affecting friction
velocity and sensible and latent heat flux predictions.

The COARE parameterizations of sensible and latent heat flux agreed fairly well, on
average, with the Eta simulations of these fluxes. Agreement was best for warm summer periods
for which COARE was derived and calibrated. Despite the fact that Eta appears to match the
average and the maximum COARE sensible and latent heat flux values, the time variations were
not well-simulated. For example, at VRM in September, Eta predicted a strong diurnal variation
of the latent heat flux, with peaks near noon and minima near midnight, while the diurnal
variation was minimal in the COARE parameterizations. Part of the reason for the diurnal
fluctuations forecasted by Eta may be that the grid cell in which VRM is located includes a large
fraction of land surfaces.
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The COARE-estimated sensible heat flux was determined primarily by the difference
between the air temperature and the skin temperature. For the few hours when this temperature
difference was greater than zero (i.e., stable), the COARE simulations of sensible heat flux
ranged from -10 W/m? to zero. The Eta model sometimes matched these negative or near-zero
values, but more often, the Eta model predicted a slight positive (upward) sensible heat flux
during these periods when COARE sensible heat flux was negative.

Comparison of COARE and Eta Outputs of Hourly-averaged Friction Velocity

The COARE and Eta estimates of hourly-averaged friction velocity were compared for
the four case studies. Eta forecasts for two starting times were evaluated but there was little
difference between the two Eta forecasts and the COARE results. On average, the Eta-predicted
hourly-averaged friction velocity values were about a factor of two larger than the COARE
hourly-averaged friction velocity values. Since the momentum flux or surface stress is
proportional to friction velocity squared, the Eta momentum fluxes were a factor of two to four
larger than the COARE estimates.

This difference is difficult to understand from a boundary layer perspective, since it has
already been noted that the overall average and maximum sensible and latent heat flux values
estimated by COARE and Eta agreed fairly well. Because both sensible and latent heat fluxes
are proportional to hourly-averaged friction velocity, we would also expect the Eta-predicted
sensible and latent heat flux values to be a factor of two larger than the COARE estimates.
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Figure 5-1a. COARE monthly average sensible heat fluxes by site for May 1998 through October 2001.
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Figure 5-1b. COARE monthly average sensible heat fluxes by BAMP site for September 2000 through September 2001.
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Figure 5-2a. COARE monthly average latent heat fluxes by site for May 1998 through October 2001.
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Figure 5-2b. COARE monthly average latent heat fluxes by BAMP site for September 2000 through September 2001
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Figure 5-3a. Observed monthly average wind speed by site for May 1998 through October 2001.
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Figure 5-3b. Observed monthly average wind speed by BAMP site for September 2000 through September 2001.
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Figure 5-4a. Monthly average skin temperature minus air temperature by site for May 1998 through October 2001.
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Figure 5-4b. COARE monthly average skin temperature minus air temperature by BAMP site for September 2000 through

September 2001.
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Figure 5-5a. COARE monthly average of total heat fluxes (sensible plus latent) by site for May 1998 through October 2001.
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Figure 5-5b. COARE monthly average total heat fluxes (sensible plus latent) by BAMP site for September 2000 through

September 2001.
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Figure 5-6. Eta monthly average latent heat fluxes by site for May 1998 through October 2001, for the 6- to 12-hr forecast.
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Figure 5-7. Eta monthly average sensible heat fluxes by site for May 1998 through October 2001, for the 6- to 12-hr forecast.
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COARE monthly average friction velocity by site for May 1998 through October 2001.
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Figure 5-8b. COARE monthly average friction velocity by BAMP site for September 2000 through September 2001.
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Figure 5-9. Eta monthly average friction velocity by site for May 1998 through October 2001, for the 6- to 12-hr forecast.
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Figure 5-10a. COARE calculated monthly average temperature scaling parameter by site for May 1998 through October 2001.
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Figure 5-10b. COARE calculated monthly average temperature scaling parameter by BAMP site for September 2000 through

September 2001.
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Figure 5-11a. COARE calculated monthly average humidity scaling parameter by site for May 1998 through October 2001.
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Figure 5-11b. COARE calculated monthly average humidity scaling parameter by BAMP site for September 2000 through

September 2001.
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Figure 5-12a. Observed monthly average air temperature by site for May 1998 through October 2001.
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Figure 5-12b. Observed monthly average air temperature by BAMP site for September 2000 through September 2001.
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Figure 5-13a. Observed monthly average skin temperature by site for May 1998 through October 2001.
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Figure 5-13b. Observed monthly average skin temperature by BAMP site for September 2000 through September 2001.
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Figure 5-14. Eta average downwelling longwave radiation by synoptic class by site for May 1998 through October 2001,

for the 6- to 12-hr forecast.
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Figure 5-15. Eta average shortwave radiation by synoptic class by site for May 1998 through October 2001,
for the 6-to 12-hr forecast.
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Figure 5-16a. COARE average humidity scaling parameter by synoptic class by site for May 1998 through October 2001.
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Figure 5-16b. COARE average humidity scaling parameter by synoptic class by BAMP site for September 2000 through
September 2001.
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Figure 5-17a. COARE average temperature scaling parameter by synoptic class by site for May 1998 through October 2001.
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Figure 5-17b. COARE average temperature scaling parameter by synoptic class by BAMP site for September 2000 through

September 2001.
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Figure 5-18a. COARE surface roughness by synoptic class by site for May 1998 through October 2001.
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Figure 5-18b. COARE surface roughness by synoptic class by BAMP site for September 2000 through September 2001.
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Figure 5-19a. COARE average sensible heat fluxes by synoptic class by site for May 1998 through October 2001.
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Figure 5-19b. COARE average sensible heat fluxes by synoptic class by BAMP site for September 2000 through September 2001.
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Figure 5-20a. COARE average latent heat fluxes by synoptic class by site for May 1998 through October 2001.
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Figure 5-20b. COARE average latent heat fluxes by synoptic class by BAMP site for September 2000 through September 2001.
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Figure 5-21a. COARE average friction velocity by synoptic class by site for May 1998 through October 2001.
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Figure 5-21b. COARE average friction velocity by synoptic class by BAMP site for September 2000 through September 2001.
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Figure 5-22. Observed average wind speed by synoptic class by site for May 1998 through October 2001.
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Figure 5-23. Eta average downwelling longwave radiation by general flow direction by site for May 1998 through October 2001,

for the 6-to 12-hr forecast.
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Figure 5-24. Eta average shortwave radiation by general flow direction by site for May 1998 through October 2001,

for the 6-to 12-hr forecast.
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Figure 5-25a. COARE average humidity scaling parameter by general flow direction by site for May 1998 through October 2001.
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Figure 5-25b. COARE average humidity scaling parameter by general flow direction by BAMP site for September 2000 through
September 2001.
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Figure 5-26a. COARE average temperature scaling parameter by general flow direction by site for May 1998 through October 2001.
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Figure 5-26b. COARE average temperature scaling parameter by general flow direction by BAMP site for September 2000 through
September 2001.
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Figure 5-27a. COARE average surface roughness by general flow direction by site for May 1998 through October 2001.
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Figure 5-27b. COARE average surface roughness by general flow direction by BAMP site for September 2000 through

September 2001.
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Figure 5-28a. COARE average sensible heat fluxes by general flow direction by site for May 1998 through October 2001.
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Figure 5-28b. COARE average sensible heat fluxes by general flow direction by BAMP site for September 2000 through
September 2001.
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Figure 5-29a. COARE average latent heat fluxes by general flow direction by site for May 1998 through October 2001.
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Figure 5-29b. COARE average latent heat fluxes by general flow direction by BAMP site for September 2000 through

September 2001.
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Figure 5-30a. COARE average friction velocity by general flow direction by site for May 1998 through October 2001.
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Figure 5-30b. COARE average friction velocity by general flow direction by BAMP site for September 2000 through

September 2001.
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Figure 5-31. Observed average wind speed by general flow direction by site for May 1998 through October 2001.
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Figure 5-32. COARE hourly average sensible heat fluxes over buoy 42001 for May 1998 through October 2001.
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Figure 5-33. COARE hourly average sensible heat fluxes over SMI for May 1998 through October 2001.
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Figure 5-34. COARE hourly average friction velocity over SMI for May 1998 through October 2001.
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Figure 5-35. COARE hourly average latent heat fluxes over VRM for May 1998 through October 2001.
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Figure 5-36. COARE hourly average sensible heat fluxes over VRM for May 1998 through October 2001.
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Figure 5-37. Hourly average skin temperature minus air temperature over VRM for May 1998 through October 2001.
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Figure 5-38. COARE hourly average sensible heat fluxes over buoy 42040 for May 1998 through October 2001.
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Figure 5-39. COARE hourly average latent heat fluxes over buoy 42040 for May 1998 through October 2001.
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Figure 5-40. COARE hourly average sensible heat fluxes over GDIL1 for May 1998 through October 2001.
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Figure 5-41. Hourly skin temperature minus air temperature over GDIL1 for May 1998 through October 2001.
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Figure 5-42. COARE hourly friction velocity over GDIL1 for May 1998 through October 2001.
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Figure 5-43. COARE hourly average latent heat fluxes over GDIL1 for May 1998 through October 2001.
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Figure 5-44. COARE hourly average sensible heat fluxes over BIP for September 2000 through September 2001.
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Figure 5-45. COARE hourly average latent heat fluxes over BIP for September 2000 through September 2001.
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Figure 5-46. COARE hourly average friction velocity over BIP for September 2000 through September 2001.
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Figure 5-47. Hourly skin temperature minus air temperature over BIP for September 2000 through September 2001.
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Figure 5-48. Observed hourly average wind speed over BIP for September 2000 through September 2001.
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Figure 5-49. Observed hourly average wind speed over DWP for September 2000 through September 2001.
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Figure 5-50. COARE hourly average sensible heat fluxes over DWP for September 2000 through September 2001.
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Figure 5-51. COARE hourly average latent heat fluxes over DWP for September 2000 through September 2001.
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Figure 5-52. COARE hourly average friction velocity over DWP for September 2000 through September 2001.
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Figure 5-53. Hourly skin temperature minus air temperature over DWP for September 2000 through September 2001.
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Figure 5-54. Air and skin temperatures and wind speed at buoy 42040 for January 20 through 25, 2000.
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Figure 5-57. Hourly air and skin temperatures, wind speed, and relative humidity at VRM for January 4 through 6, 2001.
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Figure 5-58. COARE hourly average latent and sensible heat fluxes and friction velocity at VRM for January 4 through 6, 2001.
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Figure 5-59. Estimated wave height and period, wind speed, and surface roughness length at VRM for January 4 through 6, 2001.
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Figure 5-60. COARE and Eta latent and sensible heat fluxes at VRM for January 4 through 6, 2001. Note: the four-digit number
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Figure 5-62a. Hourly air and skin temperatures, wind speed, and relative humidity at VRM for July 30 through August 1, 1999.
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Figure 5-62b. Hourly air and skin temperatures, wind speed, and relative humidity at SMI for July 30 through August 1, 1999.
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Figure 5-63a. COARE latent and sensible heat fluxes and friction velocity at VRM for July 30 through August 1, 1999.
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Figure 5-63b. COARE latent and sensible heat fluxes and friction velocity at SMI for July 30 through August 1, 1999.
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Figure 5-64a. Estimated wave height and period, and surface roughness length and wind speed at VRM for
July 30 through August 1, 1999.
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Figure 5-66a. COARE and Eta friction velocity and z/L at VRM for July 30 through August 1, 1999. Note: the four-digit
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Figure 5-67a. Hourly air and skin temperatures, wind speed, and relative humidity at VRM for September 18 through 20, 2001.
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Figure 5-68a. COARE latent and sensible heat fluxes and friction velocity at VRM for September 18 through 20, 2001.
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Figure 5-68b. COARE latent and sensible heat fluxes and friction velocity at SMI for September 18 through 20, 2001.
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Figure 5-69b. Estimated wave height and period, wind speed, and surface roughness length at SMI for
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Figure 5-70b. COARE and Eta latent and sensible heat fluxes at SMI for September 18 through 20, 2001. Note: the four-digit
number after Eta in the key indicates the forecast period (i.e., 0612 is the 6- to 12-hr forecast).
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6. METEOROLOGICAL AND AIR QUALITY MODELING

A major component of the MMS Boundary Layer Study was the development of hourly
three-dimensional gridded wind fields. The wind fields were developed using the CALMET
diagnostic model driven by a combination of historic Eta model simulations and observations.
The wind fields, along with other ABL parameters, were used to develop three-dimensional
inputs to transport and dispersion models that were used to assess dispersion and transport
characteristics under multiple meteorological patterns. These patterns include onshore and
offshore flow regimes, pre- and post-cold-frontal boundary passages, strong surface and upper-
level high pressure systems, and upper-level flow transitioning from an area of low pressure to a
weak area of high pressure. These meteorological patterns and their influence on transport and
dispersion are captured in seven modeled case study periods:

July 30 — August 1, 1999
January 20-25, 2000
January 4-6, 2001
January 29, 2001

April 14-15, 2001

May 14-15, 2001

e September 18-20, 2001

The case studies were selected to cover a range of synoptic conditions, seasons, and wind
directions.

This section contains the results of a comparison between observations and model
predictions of winds; background information about the CALMET diagnostic model; discussion
of the methods used to derive the three-dimensional wind fields (i.e., data sources and model
settings); and discussions of the model results, trajectories, and CALPUFF dispersion runs for
the above case studies. Conclusions from this discussion are set out in Section 6.6.

6.1 RADAR WIND PROFILER - EDAS COMPARISON

The CALMET meteorological model can use both observations and regional-scale model
predictions as input. The two data types can be weighted differently in the model, and the user
must assign the weights. The weighting of observations and model predictions is of extreme
importance in observationally sparse regions such as the Gulf of Mexico. To help determine the
relative weighting that should be assigned to the regional scale model predictions and to the
observations, horizontal wind observations collected by the six RWPs were compared with the
wind predictions from the NCEP EDAS.

6.1.1 Method

The EDAS output consists of successive three-hour Eta model forecasts nudged by high
frequency observing platforms, such as RWPs, hourly surface meteorological and buoy stations,
aircraft observations, and winds derived from both satellite and radar measurements. However,
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the RWP data used in this study and the following comparisons were not part of the routine
EDAS output. The output is interpolated to a 40 km, Lambert Conformal Grid covering the
continental United States. RWPs used during MMS and BAMP (Figure 6-1) were LAP-3000,
915-MHz boundary layer radars deployed on oil platforms. Two modes of data collection
occurred at all RWP sites. The low mode represented 100-m resolution winds at heights from
about 100 m above platform level (APL) to about 2000 m APL. The high mode represented
200-m resolution winds at heights from about 200 m APL up to about 4000 m APL. These RWP
data were subjectively quality-controlled by STI1 meteorologists. Any data that were deemed
incorrect were invalidated and not used in the subsequent analyses. Typical problems that led to
incorrect data were the presence of clutter due to sea waves and/or platform structures.

Comparisons of EDAS-modeled and RWP-observed hourly wind speed and direction
were made when EDAS wind heights were within 30 m of the RWP heights below 1000 m
above ground level (agl), and within 50 m of the RWP heights above 1000 m agl. When wind
speeds were less than 2 m/s, wind direction comparisons were not made.

A difference exists between the averaging volumes represented by the EDAS model and
those represented by the RWP observations; this difference will manifest itself by more scatter in
the observations than in the predictions. The EDAS model data are created by bilinear
interpolation of the 12-km Eta model output to a 40-km grid. Vertical interpolation is performed
on the 12-km Eta model (60 levels) to the EDAS grid (39 levels). On the other hand, the RWP
winds are a volume-averaged measurement that is dependent on vertical resolution and beam
width. Because the profiler beams diverge with height, the volume is approximately 3.5 km
wide at 4 km above ground. The RWP-derived wind components are a nearly instantaneous
measurement, however when averaged over an hour, the winds can be representative of a radius
of 3.5 km (zero wind) or greater depending on the wind speed through the profiler beams. This
issue arises whenever observations are compared with grid model predictions (see Seaman,
2000; Hanna and Yang, 2001). The grid-averaged predictions resolve only variations with scales
greater than the grid dimensions. This should have little effect on the mean bias, as long as the
instrument is well-sited and representative. However, the standard deviation of the RWP-
observed wind will be larger than the standard deviation of the predicted wind, and this could
lead to difficulties when the scatter is calculated between the observations and the predictions.

The following statistics were computed:

Mean bias = 1Z(Pi -M,) (6-1)
n =
where:
n = number of observations
Pi = observations by the RWP
M; = EDAS model “predictions”

n 2

Z((Pi —Mi)—(Pi _Mi)) (6-2)

i=1

S|

Standard deviation :\/
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Mean absolute error :%Zn]Pi -M,| (6-3)
i=1

The standard deviation defined in Equation 6-2 is a root-mean-square error, with the
effect of the mean bias removed. However, the mean absolute error (MAE) defined in Equation
6-3 includes the effects of the mean bias. Consequently, it is possible to have a large MAE even
though the standard deviation is small, simply because there may be a large mean bias.

Statistics were computed for those height bins containing at least 90% of the total number
of RWP/EDAS possible data pairs. Sample sizes at each height and each RWP typically ranged
from about 900 for the eastern sites associated with BAMP, to about 2000 for the western sites,
which have been in operation for a longer period of time.

6.1.2 Results

Figure 6-2 illustrates the wind speed and direction mean bias, mean standard deviation,
and MAE for the entire data collection period at all sites. In general, wind speeds were
overestimated by the EDAS model by a slight amount f, with more mean bias at the lower
heights and with gradual improvement above 1000 m. The coastal land site, FTM, had the
lowest wind speed mean bias, ranging from -1 to 0 m/s. VRM, BIP, and WDP all had wind
speed mean biases generally between —2 (near the surface) and —1 m/s (aloft). The far offshore
sites (SMI and DWP) had the highest wind speed mean biases of —3 (near the surface) to -2 m/s
(aloft) and —6 (near the surface) to —1 m/s (aloft), respectively. These wind speed mean biases
suggest that the EDAS model tends to overestimate wind speeds in offshore areas, with the
difference increasing as distance from shore increases. The standard deviations of wind speed
difference were 2 to 4 m/s and indicate little variation with altitude, which is somewhat
surprising as lower standard deviations are expected aloft because the upper-level flow patterns
are known to vary less than flows near the surface (Seaman, 2000).

Wind direction mean biases shown in Figure 6-2 were generally between —-5° and 10° at
all sites, with higher wind direction biases observed at heights below 1000 m at DWP (as high
as 20°). DWP showed more wind direction mean bias near the surface, whereas the remaining
sites tended to show a consistent mean bias with height. The mostly positive mean biases
indicate that the EDAS model data had an overall counter-clockwise mean bias in wind
direction. For example, with a 20° positive mean bias, if the observed mean wind direction were
180°, then the EDAS-predicted mean wind direction would be 160°. The standard deviations of
wind direction differences were generally about 25° to 35° and showed little variation with
height. While the wind direction mean biases at offshore sites were similar to those at the near-
shore sites, the standard deviations of the wind direction differences were generally about 40° at
the offshore sites. These standard deviation values for wind speed and wind directions (2 to
4 m/s and 20° to 50°) found for the six RWPs in the Gulf of Mexico domain agree well with
standard deviations reported by Seaman (2000) and Hanna and Yang (2001) for other models
and other geographic domains.
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In general, the MAE between the EDAS-predicted and the RWP-observed wind speeds at
all sites was largest near the surface and increased with increasing distance from the shoreline
(see Figure 6-2). The coastal site, FTM, had a MAE of 1 to 2 m/s. VRM, BIP, and WDP had
MAEs of about 2 m/s, excluding the lowest height. SMI was observed to have an MAE of 2 to
3 m/s, and DWP had an MAE of 2 to 6 m/s, with the largest MAESs near the surface in both
cases. Because MAE is strongly influenced by the mean bias, the large 6 m/s MAE value at
DWP near the surface is primarily due to the large mean bias of approximately the same
magnitude.

The wind direction MAE is generally constant with height. The wind direction MAE was
found to be between 15° and 25° at the coastal and near-shore sites and 25° to 35° at the offshore
sites.

6.1.3 Conclusions

Comparisons between RWP-observed wind data and EDAS-modeled wind data over the
Gulf of Mexico show better agreement at near-shore sites and poorer agreement at offshore sites.
In general, the EDAS model tended to overstate wind speeds, especially at levels below 1500 m.
The EDAS model tended to have a positive wind direction mean bias (i.e., if the observed wind
direction were 180°, the predicted wind direction might be 160°); however, this mean bias was
usually 10° or less. In considering these comparisons, it should be noted that the EDAS data is
created by a bilinear interpolation of a fine-scale grid onto a more coarse grid resolution, whereas
the RWP observations are a volume-averaged measurement in which the measurement
representativeness can vary with fluctuations in the wind speed.

The results suggest that RWP data might be weighted more heavily than the EDAS model
data when creating high-resolution wind fields in an area where RWP observations are available.
In addition, it is suggested that the Eta model may benefit from the use of offshore RWP data at
the time of initialization.

6.2 CALMET METEOROLOGICAL MODELING

The CALMET meteorological model (Scire et al., 1999) is a software tool that combines
objective and diagnostic analysis methods to create two- and three-dimensional meteorological
fields. CALMET produces outputs of gridded meteorological fields of three-dimensional winds
and air temperature; two-dimensional fields of surface friction velocity, convective velocity
scale, mixing height, Monin-Obukhov length, Pasquill-Gifford-Turner stability class, and
precipitation rate. CALMET also produces outputs of temperature, air density, short-wave solar
radiation, and relative humidity defined at surface meteorological stations. CALMET includes a
diagnostic wind field generator containing objective analysis and parameterized treatments of
slope flows, kinematic terrain effects, terrain-blocking effects, a divergence minimization
procedure, and a micro-meteorological model for overland and overwater boundary layers.
CALMET attempts to resolve mesoscale and local-scale meteorological phenomena by blending
observational data with synoptic-scale analyses.
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CALMET utilizes both geophysical and meteorological data inputs in order to derive the
three-dimensional wind fields and other ABL parameters. The geophysical inputs to the
CALMET model consisted of 0.9-km surface terrain height and 30-m land-use data. The
meteorological inputs consisted of surface observations, buoy data, rawinsonde data, RWP wind
measurements (i.e., wind and T, profiles), and EDAS wind fields. Because CALMET cannot
ingest observed mixing heights, RWP-derived mixing heights were not used in the modeling.
Figure 6-3 illustrates the spatial coverage of the observed meteorological data inputs in the
CALMET modeling domain used to derive three-dimensional wind fields for the MMS
Boundary Layer Study. The CALMET wind fields were developed with a 5-km horizontal
resolution across a modeling domain of 860 km x 560 km (NX=172 and NY=112), which
includes portions of Texas, Louisiana, Mississippi, Alabama, and Florida (Figure 6-4). The
vertical structure of the wind and temperature fields has 20 vertical layers with interfaces at: 0,
20, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2250,
2500, and 2750 m. This horizontal and vertical resolution was able to capture the timing,
strength, and vertical structure of the important flow features, especially those important for the
transport and diffusion of chemical species.

An approach used in other projects utilized gridded mesoscale model output, such as
EDAS, as the initial guess wind field instead of a single point value known as the “domain mean
wind”, which is often used as a default. The use of EDAS has been demonstrated to improve
model performance over large domains. Therefore, for this project we used Eta and EDAS
model wind field data, as well as temperature, specific humidity, and cloud data for the three-
year period spanning the MMS Boundary Layer Study. The EDAS is constructed from
successive 3-hr (eight analyses/day) Eta model forecasts. A bilinear interpolation of Eta model
output is used to create the EDAS output on the AWIPS-212 grid. The AWIPS-212 grid is based
upon a Lambert Conformal Conic Projection, which covers the contiguous United States, and
consists of a horizontal resolution of 40 km (185 x 129) and twenty-six vertical levels (every 25
mb up to 850 mb; and every 50 mb up to 50 mb) (Figure 6-5). A three-dimensional variational
analysis (3DVAR) scheme is used in the model to assimilate high frequency observations, such
as RWP measurements, aircraft winds, satellite-derived winds, land-surface meteorological
measurements, and oceanic-surface data from ships and buoys. However, RWP measurements
made during MMS and BAMP were not integrated into the EDAS. The EDAS wind data was
used as the “domain mean winds” in the CALMET model runs.

The wind-field model within CALMET is based on the Diagnostic Wind Model (DWM)
(Douglas et al., 1990). The DWM has been modified within CALMET to allow the possibility
of incorporation of three-dimensional meteorological fields from the Penn State/NCAR
Mesoscale Models (MM4/MM5). Figure 6-6 shows the three optional steps (A, B, and C) for
input of these gridded data within CALMET. The method in CALMET for using gridded data
was adapted for incorporating the gridded EDAS analyses. At a minimum, CALMET requires
00Z and 12Z NWS soundings to calculate a domain mean wind for use as the “first guess” field;
however, the EDAS model output was incorporated into CALMET at Step A (Figure 6-6) in
order to derive an initial guess field. This is particularly important, as it is difficult to represent a
mean wind for larger analysis regions. Because the EDAS analysis is rather coarse (40-km grid
spacing), the DWM slope flow algorithms (Allwine and Whitman, 1985) are used to estimate
flows in and near complex terrain at a resolution of 1 to 4 km. The EDAS and slope flow
estimates are then combined to produce the “Step 1” wind fields. This should improve the wind
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fields near the coastal areas. After the Step 1 wind field was derived, an objective analysis was
performed on the extensive suite of observations discussed earlier. Before the final wind field
(Step 2) is created, an objective combination of the Step 1 wind field and the observations was
carried out. During stable conditions, a stable layer can persist for days at the surface with little
exchange of mass with the layers above. This condition has been difficult to represent with the
DWM. Two modifications have been made to the model to address this issue and can be applied
if the situation warrants:

e The O’Brien procedure (O’Brien, 1970) within the DWM has been modified to adjust the
wind fields to minimize vertical velocities at the top of the stable layer instead of at the
top of the modeling domain. This prevents the unrealistic exchange of mass between the
stable layer and layers aloft that is a common problem in DWM analyses.

e The terrain-blocking adjustment scheme in DWM (Allwine and Whitman, 1985) has been
moved from the Step 1 analysis to the final analysis step, which allows terrain-blocking
effects to be considered after the introduction of the objective analysis. This re-ordering
of the scheme prevents extrapolation of observational data into regions of complex terrain
when it is physically unlikely. However, this is likely to be of little importance in the
Gulf of Mexico modeling domain.

A mass-consistent wind field model in a terrain-following coordinate system which takes
into account the density stratification was developed by Drake and Huang (1980); this wind field
model was adopted in a mesoscale air quality modeling for complex terrain by Allwine and
Whitman (1985).

6.2.1 High Frequency RWP and RASS Measurements and Data Manipulation for Input
to CALMET

Upper-Air Files

In the current release of CALMET, high frequency observations, such as RWP and RASS
measurements, can be used as inputs but often require considerable data manipulation. This is
especially true with regard to the upper-air file input to CALMET. The highest CALMET layer
interface height at 2750 m was always much greater than the highest RASS T, range gate height
and occasionally greater than the height of the highest RWP wind range gate. In order for a
successful CALMET model run, there needs to be an observation of wind speed, wind direction,
and temperature above the highest CALMET layer interface (2750 m). Therefore, EDAS model
output, matched according to the closest grid point to a particular station and the height at which
a particular measurement was void, was used to fill in RWP and RASS data gaps in horizontal
space and in the vertical to allow for successful CALMET runs.

As discussed above, at a minimum, CALMET requires in horizontal and vertical space
that the upper-air file for each upper-air station contain a vertical profile of winds and
temperature collected every twelve hours. Occasionally, NWS soundings and RWP/RASS
measurements were missing for periods exceeding twelve hours. In this situation, EDAS model
output was used to fill in the missing time periods and provide the vertical wind and temperature
profiles needed by CALMET to derive three-dimensional wind fields and other ABL parameters.
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However, when RWP wind observations and EDAS wind simulations are compared

(Section 6.1), significant biases and scatter occur that could lead to discontinuities in the
observed RWP wind profiles which have been “filled in” with EDAS predictions. If the time
periods of the missing upper-air measurements were less than twelve hours, a linear interpolation
scheme was used within CALMET.

CALMET also requires a measurement of pressure, winds, and temperature below the
lowest CALMET vertical layer (10 m) each hour. Because RWP/RASS observing platforms are
not capable of obtaining measurements at heights less than 50 to 100 m, collocated surface
temperature and wind measurements are required. Since CALMET upper-air files rely on
measurements from two different observing systems (RWP/RASS and a collocated surface
instrument), the probability of missing data from one of the systems is increased. Therefore,
time gaps less than twelve hours in surface meteorological measurements were subjected to a
sliding £6-hr window in order to obtain the next closest measurement in time. The sliding £6-hr
window is an attempt to obtain a reasonable and representative surface measurement that
completes the vertical profiles in CALMET’s upper-air files. For time gaps greater than twelve
hours, the first gate (lowest elevation) of the RWP/RASS measurements was used for the surface
observation, instead of the sliding £6-hr window applied to the surface observation, along with a
standard atmospheric pressure value.

Because of CALMET’s limited flexibility in handling missing data in upper-air files, this
complex method of accounting for missing data was undertaken. For future modeling, an
alternative procedure within CALMET should be developed to handle missing upper-air
measurements. Data from an upper-air station that has only one 12-hr time gap may still be
usable in a CALMET model run.

Surface Meteorological and Over-Water Files

Compared to the scheme used by CALMET to process upper-air files, the scheme used
by CALMET to manage time gaps greater than twelve hours in high frequency surface
meteorological and in over-water measurements is much more efficient. A spatial interpolation
using the non-missing observations is performed to account for missing surface data.

Some important CALMET model settings used to derive the three-dimensional wind
fields and other ABL parameters are listed below:

e Sea-surface temperature was inut for buoy, C-MAN, and platform sites only. No
satellite-derived sea temperature data were used.

e Extrapolation of surface winds into the upper levels was not allowed because surface
observations can be influenced by local terrain and other siting issues and we did not
want to extrapolate the surface winds aloft where they would then be used to represent
more regional-scale flows.

e The maximum radius of influence over land in the surface layer was 20 km.
e The maximum radius of influence over land in the aloft layers was 150 km.

e The maximum radius of influence over water was 50 km
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The three threshold levels used to characterize the radius of influence of the observations were
based on initial experiments designed to minimize the radius of influence, yet retain the ability to
interpolate to every grid cell in the CALMET modeling domain. Maintaining the smaller-scale
flows in the surface analysis fields was the goal. Utilizing too large a radius of influence can
result in the elimination of mesoscale features.

e Equal weighting of the “initial guess” field (EDAS) and observations in the surface layer
occurs at 40 km from the observation.

e Equal weighting of the “initial guess” field (EDAS) and observations in the aloft layers
occurs at 150 km from the observation.

These two settings were based on experiments. For the surface, allowing observations to
dominate the analysis out to about two times the radius of influence enables a blending of
objective analysis and EDAS fields.

e One smoothing pass below 400 m and two smoothing passes elsewhere were utilized.
This limited smoothing was performed to reduce any artifacts in the analysis fields due to
variations in density and distribution of observations, while not to eliminate important
mesoscale features, particularly in the boundary layer where the greatest variations are
expected.

6.3 CALPUFF DISPERSION MODELING

CALPUFF is a multi-layer, multi-species, non-steady-state puff dispersion model that can
simulate the effects of time- and space-varying meteorological conditions on pollutant transport,
transformation, and removal. CALPUFF contains algorithms for near-source effects such as
building downwash, transitional plume rise, partial plume penetration, subgrid scale terrain
interactions as well as longer-range effects such as pollutant removal (wet scavenging and dry
deposition), chemical transformation, vertical wind shear, over-water transport, and coastal
interaction effects. It can accommodate arbitrarily varying point source and gridded area source
emissions. Most of the algorithms contain options to treat the physical processes at different
levels of detail depending on the model application.

The CALPUFF dispersion model utilizes geophysical gridded data as well as the three-
dimensional diagnostic gridded wind fields and other ABL parameters (Section 6.1) that are
output from the CALMET model. CALPUFF was applied with an arbitrary hypothetical
emission rate from three platform sites in the Gulf of Mexico (SMI, DWP, BIP); the locations of
the three platforms are shown in Figure 6-7. The goal of the CALPUFF simulations was to
characterize, in a preliminary manner, the potential impact of offshore emission sources on
coastal areas along the Gulf of Mexico. The CALPUFF simulations were intended to predict
relative rather than absolute concentrations. The resulting patterns and extent of transport, and
the diffusion of the plume, were compared for the three release locations, and for the days within
case study periods, and for days under different synoptic regimes.

The following source characteristics were assumed:

e The stack heights above the platforms were set to 10 m.
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e The stack diameter was set to 10 m for each platform.
e The exit velocity was assumed to equal 0.005 m/s.

e The exit temperature was based on the ambient temperature measured at each platform
site.

e A continuous emission rate of 2000 g/sec was used at all platform locations.
The results from the dispersion model are discussed in Section 6.5.

6.4 TRANSPORT ANALYSIS

The transport analysis was carried out by computing forward trajectories calculated over
a duration of 24 hours and originating at heights of 10 m, 75 m, and 350 m from the SMI, DWP,
and BIP platforms (see Figure 6-7 for the locations of the platforms). The goal of the transport
analysis was to characterize the influence of the large-scale and local-scale meteorology on
transport from the potential emission sources and analyze the potential impact of this transport
on coastal regions. The forward trajectories were computed using the derived wind fields output
from the CALMET meteorological model as input into an STI in-house trajectory model
(TRAJMOD), and also using EDAS model output as input into the HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model. The results from the transport analysis are
discussed in Section 6.5.

6.5 CASE STUDIES

To assess the impact of offshore emissions on onshore areas along the Gulf Coast, three-
dimensional gridded wind fields and other ABL parameters (i.e., mixing heights) were calculated
using the CALMET diagnostic meteorological model for seven case studies. The case studies
were chosen to represent the variety of weather patterns that influence regional meteorological
conditions, which have a direct impact on the transport and dispersion characteristics of
pollutants in the western and central Gulf of Mexico. The boundary layer characteristics (i.e.,
heat flux, friction velocity, etc.) were also analyzed for these particular case studies and the
results are presented in Section 5.

The three-dimensional wind fields created by CALMET are a combination of
observations and gridded EDAS output. Trajectories were calculated using the gridded wind
fields generated by CALMET and were compared to trajectories calculated by the HYSPLIT
model, which utilized EDAS output. It should be noted that the CALMET modeling domain was
limited so the entire 24-hr forward trajectory may not have been completely calculated.
Dispersion runs were calculated using the CALPUFF air quality model, which utilized the three-
dimensional diagnostic gridded fields output by CALMET. The dispersion plots that follow
show the accumulation of material from the start of each case study to the time indicated on the
plot. Accurate mixing heights are a critical parameter in transport and dispersion modeling. One
important note regarding the scheme that the CALMET model utilizes to derive over-water
mixing heights is that mixing height growth is entirely driven by mechanical mixing, negating
any growth due to convective processes (buoyancy). This resulted in the underestimation of
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daytime mixing heights by CALMET when compared to mixing heights derived from RWP
measurements. Therefore, the stand-alone dispersion results presented in each of the following
case studies may be inaccurate; however, a comparison of the relative dispersion patterns and
characteristics between episode types is still useful.

6.5.1 July 30—August 1, 1999: Summer Period with Strong Upper-Level Ridge and
Surface High Causing Weak Winds

Overview: This case study period was chosen because it is typical of summer light wind
conditions. The region was dominated by a large upper-level ridge of high pressure and a
surface area of high pressure throughout July 30—-August 1, 1999. Winds across the region
lacked a significant onshore component because a surface area of high pressure was centered
directly south of Louisiana. As a result, the hypothetical tracer emissions from the platforms did
not have a major influence along the Gulf coast. The only exception was a brief period on July
31, when tracers emitted from the SMI platform would have been transported toward the
Mississippi River Delta.

Large-Scale Aloft (500 mb): A large upper-level area of high pressure was in place across the
Gulf of Mexico throughout the entire case study period.

Large-Scale Surface: A large surface area of high pressure was located in the central Gulf of
Mexico throughout the case study period. General flow across the Gulf of Mexico consisted of
light southerly/southwesterly flow across the western regions of the Gulf and light west-
northwesterly flow along the Gulf Coast of Louisiana, Mississippi, and Alabama on July 30. As
time progressed, the center of the area of high pressure moved closer to the modeling domain
and winds became lighter and more variable.

Modeled 24-hr Forward Trajectories: Trajectories calculated from both the CALMET wind
fields (using TRAJMOD) and EDAS wind fields (using HYSPLIT) during the period, 0000 CST
on July 30 through 0800 CST on August 1, 1999, were predominantly from a westerly direction.
This flow direction observed near the platforms was caused by the anticyclonic circulation
around an area of high pressure centered in the central Gulf of Mexico (Figures 6-8 through
6-13). As time progressed, the trajectories began to shift more out of the northwest.
Consequently, the trajectories and the associated tracer plumes had little if any interaction with
areas along the Gulf Coast. The CALMET and EDAS trajectories were quite similar.

Modeled Dispersion: On July 30, the westerly flow influencing the DWP and BIP platforms
caused the hypothetical emissions to be transported eastward over open water where they had no
impact on onshore areas (Figure 6-14). The simulated plume from the SMI platform contained
more of a southerly component, which allowed a very minimal amount of the hypothetical
emissions to impact areas along the immediate Louisiana coastline. As the center of the area of
high pressure moved northward on July 31, the associated winds across the Gulf lightened
considerably, which in turn produced less dilution of the plumes and also produced lower mixing
heights derived by CALMET. Consequently, the hypothetical emissions slowly accumulated
near the platforms. Winds near SMI on July 31 contained a slight onshore component, which
caused hypothetical emissions to impact areas of the Mississippi River Delta in Louisiana
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(Figure 6-15). BIP and DWP experienced west-northwesterly flow on July 31, which kept
hypothetical emissions from having an immediate impact along the Gulf Coast (Figure 6-15).
On August 1, light and variable winds and low mixing heights across the Gulf of Mexico
allowed the tracer to accumulate around all platform sites (Figure 6-16). However, with no
onshore wind component the enhanced hypothetical emissions had no impact along the Gulf
Coast. The CALPUFF dispersion results should be compared only in a relative sense, since the
same emissions were released from all platforms at all times. It was concluded earlier that,
because the CALMET-estimated mixing heights do not account for convection and are much too
low over water, actual concentrations would be about a factor of three or four lower if correct
mixing heights were used (i.e., the current estimated mixing heights are 100 m to 200 m, whereas
the actual mixing heights are known to be 500 m to 600 m).

A comparison of the dispersion contours in this case study with the contours from the

January 20-24 case study, when winds were much higher, provides insight as to how transport
and dispersion are influenced by the different meteorological conditions. The maximum relative
concentrations are higher by a factor of four or five in the light-wind summer period.

6.5.2 January 20-25, 2000: Winter Case Study with Shift in Wind Direction

Overview: This case study period was characterized by post-frontal strong offshore flow on
January 20 and 21, followed by strong onshore flow on January 22 and 23, and strong offshore
flow again on January 24 and 25 after a frontal passage late on January 23. The two periods with
strong offshore winds were marked by cold air temperatures and very large skin-air temperature
differences, resulting in very large sensible and latent heat fluxes from the water surface. In
contrast, the onshore flow was marked by more stable conditions. The strong winds resulted in
persistent narrow calculated plumes with relatively low concentrations for the hypothetical tracer
releases from the three platforms.

Large-Scale Aloft (500 mb): Northwesterly flow aloft across the Gulf region on January 20
and 21 was the result of a large upper-level area of low pressure centered in Ontario, Canada,
whose influence extended south through the eastern half of the United States. An upper-level
ridge extended throughout the Mountain West. On January 22, zonal flow was evident over the
United States, as the result of the upper-level ridge over the Mountain West breaking down and
the upper-level trough pushing off the eastern seaboard. However, on January 22, a shortwave
trough was analyzed over the eastern Gulf of Mexico, while a shortwave ridge strengthened in
the western Gulf of Mexico. By January 23 an upper-level trough began to strengthen across the
eastern two-thirds of the United States. The trough remained in place over the Gulf of Mexico
on January 24 before beginning to exit on January 25.

Large-Scale Surface: On January 20, strong offshore, northerly flow was associated with a
strong pressure gradient located between an area of high pressure moving through the Plains,
centered in Kansas, and a low pressure area located over the eastern seaboard. As the area of
high pressure moved toward the east, the flow over the Gulf of Mexico rotated from northerly-to-
northeasterly-to-easterly on January 21. On that day, the Gulf region was located on the
southern edge of the surface high, now centered in Tennessee. Strong southerly flow developed
on January 22, and was associated with cyclonic circulation around an approaching surface low
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moving across the Central Plains. Southwesterly flow continued across the Gulf of Mexico on
January 23 as the surface low pressure area became centered in Alabama, with an associated
stationary front analyzed along the Gulf Coast. However, a surface high was building into the
region from the Central Plains, behind the departing area of low pressure and its stationary
frontal boundary. The anticyclonic flow around the approaching high pressure area drove strong
northerly flow across the Gulf of Mexico from January 24-25.

Modeled 24-hr Forward Trajectories: As noted, the period, 0000 CST on January 20 through
0000 CST on January 25, 2000, consisted of offshore transport, followed by onshore transport,
and ending with a period of strong offshore transport, which is depicted by trajectories calculated
from both the CALMET wind fields (using TRAJMOD) and EDAS wind fields (using
HYSPLIT). TRAJMOD-derived trajectories (including the RWP observations) and HYSPLIT-
derived trajectories (utilizing EDAS wind fields and no Gulf of Mexico RWP observations) were
calculated at 10 m, 75 m, and 350 m originating from the SMI, DWP, and BIP platforms and are
shown in Figures 6-17 through 6-22 for the period from 0000 CST on January 19 through

1600 CST on January 22. The trajectories between January 20 and early on January 21 of the
analysis period are shown originating at the platform sites and moving out into the Gulf of
Mexico due to the northerly wind component. Figures 6-17 through 6-22 also show onshore
transport beginning later on January 21 and continuing through the afternoon hours on January
23, with the trajectories from the latter part of the period shown in Figures 6-23 through 6-28.
The onshore flow occurred at all heights, as a result of cyclonic circulation around the surface
area of low pressure moving across the Central Plains. Because of the surface area of high
pressure that built into the region on January 24 and 25, trajectories regained a strong, offshore
northerly component at all heights (see Figures 6-23 through 6-28). Generally the same general
time variations were seen at all heights (10 m, 75 m, and 350 m). However, as expected, winds
and transport distances increased with height. Both the TRAJMOD- and HY SPLIT-calculated
trajectories agree for the most part throughout the case study period. The HYSPLIT trajectories
seem to indicate faster speeds, as found earlier when RWP winds (used to create CALMET wind
fields for TRAJMOD) were compared with EDAS winds (used in HYSPLIT). Note, however,
that because the TRAJMOD trajectories often truncated due to the limited CALMET modeling
domain and the HYSPLIT trajectories had no such boundary limit, the lengths of the trajectories
should not be compared for those cases.

Modeled Dispersion: The strong northerly flow on January 20 (Figure 6-29) transported the
hypothetical tracer emissions from the platforms over open waters of the Gulf of Mexico,
causing no onshore impact. The strong winds contributed to the increased dilution of the
hypothetical tracer, resulting in relatively low hypothetical concentrations. The estimated mixing
heights were slightly higher on this day due to the higher wind speed (Figure 6-30). However, if
the model had properly accounted for the influence of convection on the mixing height, the
mixing heights would have been larger and more realistic, since the large water-air temperature
differences led to extremely large heat fluxes. On January 21, the strong east-northeasterly flow
(Figure 6-31) caused the hypothetical plume released from BIP to pass over Breton Island, while
hypothetical emissions from SMI and DWP caused no onshore impact because they were
transported out over open water (Figure 6-31). Figure 6-32 shows that the estimated mixing
heights remained relatively low at about 200 m or less over water, which is likely to be a large
underestimate. On January 22 (Figure 6-33) strong southerly flow from all platform locations
allowed the hypothetical emissions to impact onshore locations to a certain degree, although

6-12



relative concentrations were low because of the dilution effects of the strong winds. The mixing
heights on January 22 are shown in Figure 6-34, which illustrates patterns similar to the other
days. Southwesterly flow ahead of the frontal passage on January 23 is evident in Figure 6-35;
onshore locations in Louisiana were directly influenced by tracers emitted at the SMI platform
and onshore locations in Alabama were directly influenced by tracers emitted from BIP. The
hypothetical concentrations on January 23 were higher than on January 22 due to lighter winds
and lower mixing heights (Figure 6-36), which decreased dilution and mixing of pollutants.
Strong northerly flow behind the cold front late on January 23 resulted in the transport of
hypothetical emissions released at the platforms on January 24 (Figure 6-37) and January 25
(Figure 6-38) away from the shore, with relatively low concentrations due to the strong dilution.
The strong winds increased CALMET’s estimated mixing heights to about 400 m or 500 m in the
area surrounding the RWP sites, as shown in Figures 6-39 and 6-40; but at distances beyond
about 50 km from the RWP sites, the mixing heights dropped down to the usual unrealistically
low values of 100 m or 200 m over the water. The observed mixing heights are likely to be
much greater at these times, due to the extremely strong convective heat fluxes over water.

6.5.3 January 4-6, 2001: Winter Period Post Upper-level Trough Transitioning into
Weak Upper-level Ridge

Overview: A strong surface pressure gradient existed across the Gulf of Mexico on January 4,
which drove moderate northwesterly flow and kept hypothetical emissions from impacting
onshore areas. Transitioning from January 4 to January 5, the pressure gradient gradually
weakened and allowed a brief period of west-southwesterly surface flow, which caused
hypothetical emissions calculated by CALPUFF to impact areas along the immediate coastline.
Later on January 5 and into January 6, winds were moderate from a west-northwest direction and
hypothetical emissions were simulated to remain offshore.

Large-Scale Aloft (500 mb): An upper-level trough had passed through the region and was
located along the eastern seaboard on the January 4. By January 5 an upper-level ridge building
in the west and the eastward movement of the upper-level area of low pressure began to produce
nearly zonal flow across the Gulf of Mexico in the upper levels for January 5 and 6.

Large-Scale Surface: Moderate northwesterly flow across the Gulf of Mexico occurred on
January 4 due to the strong pressure gradients between a high pressure system to the west and a
low pressure system on the east coast. Late on January 4 and early on January 5, the pressure
gradient began to weaken. A surface anticyclone developed just to the north of the Bay of
Campeche, west of the Yucatan Peninsula, and began to influence flow across the Gulf.
Westerly winds, with a brief period of west-southwesterly winds across the modeling domain on
January 5, were the result of the anticyclonic circulation around the area of high pressure to the
south. By January 6, the winds shifted more to the northwest and weakened. During the entire
case study period, the winds were much stronger over the Gulf of Mexico than over the adjacent
land areas.

Modeled 24-hr Forward Trajectories: Trajectories calculated from both the CALMET wind
fields (using TRAJMOD) and EDAS wind fields (using HYSPLIT) during the period, 0000 CST
on January 4 through 0000 CST on January 6, 2001, generally were westerly and contained an
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offshore component. Initially on January 4 the trajectories indicate northwesterly flow, which
transitioned midday to westerly on January 4 into January 5, before returning to northwesterly on
January 6 (Figures 6-41 through 6-46). The trajectories were consistent with the large-scale
meteorology discussed above. Both the TRAJMOD- and HY SPLIT-calculated trajectories were
similar throughout the period. However, comparisons of the more distant portions of the
TRAJMOD trajectories with HYSPLIT trajectories are not possible because the TRAJIMOD
trajectories truncate when they reach the boundary of the CALMET modeling domain.

Modeled Dispersion: As seen in Figure 6-47, the northwesterly flow that persisted throughout
January 4 caused the hypothetical emissions being released from the designated offshore source
platforms to be transported southward, away from the Gulf Coast toward the southern part of the
Gulf of Mexico. As the general flow rotated from northwesterly to west-southwesterly in the
early morning of January 5 (Figure 6-48), the southern tip of the Mississippi River Delta was
influenced by some of the hypothetical emissions from the SMI platform and the Alabama
coastline was influenced by hypothetical emissions from BIP. As westerly flow strengthened
throughout January 5 (Figure 6-49), most of the hypothetical emissions were transported
eastward, causing little influence on the Gulf Coast. As seen in Figure 6-50, the light west-
northwesterly flow on January 6, transported hypothetical emissions from the platforms away
from the Gulf Coast and into the southern part of the Gulf of Mexico.

6.5.4 January 29, 2001: Winter Case with Strong Southerly Winds

Overview: January 29, 2001, was characterized by strong southerly winds ahead of an
approaching frontal boundary. Despite the fact that the simulated tracer plumes were transported
directly toward coastal areas, relative concentrations were not predicted by CALPUFF to be
large because of the strong dilution.

Large-Scale Aloft (500 mb): Prior to January 29, the Gulf of Mexico was under the influence
of a large upper-level area of high pressure. A strengthening upper-level area of low pressure
moving out of the West toward the Central Plains aided in breaking down the upper-level ridge
over the Gulf of Mexico. By January 30, the upper-level ridge influencing the Gulf region was
eventually replaced by an upper-level trough.

Large-Scale Surface: On January 28, a large area of high pressure covered the entire eastern
third of the United States. A developing surface area of low pressure moved into the Central
Plains on January 29, with an associated frontal boundary extending into the northwestern
section of the Gulf of Mexico. Because the study region was located between the surface area of
high pressure centered along the eastern seaboard and the approaching surface low, a strong
pressure gradient existed that produced strong southerly flow across the entire Gulf of Mexico on
January 29.

Modeled 24-hr Forward Trajectories: As seen in Figures 6-51 through 6-56, the period,
0000 CST on January 27 through 0000 CST on January 30, 2001, generally was characterized by
strong onshore trajectories from the south at 10 m, 75 m, and 350 m across the Gulf of Mexico at
all three platform sites. Some of the 24-hr HYSPLIT trajectories passed completely across the
United States and entered Canada, reflecting an average wind speed of 30 m/s. Toward the end
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of the case study period, the influence of the approaching frontal passage on the trajectories was
beginning to be observed, as the trajectories began to take on more of a westerly component.
The strong, onshore trajectories were consistent with the large-scale synoptic patterns discussed
above. The trajectories calculated from both the CALMET winds fields (using TRAJMOD) and
EDAS wind fields (using HYSPLIT) were similar in transport direction and agreed in transport
distance over the first few hours, but comparisons were not possible for times after the
TRAJMOD-calculated trajectories truncated at the arbitrary boundaries.

Modeled Dispersion: Figure 6-57 shows CALPUFF-estimated plume contours for hypothetical
tracer releases from the SMI, DWP, and BIP platforms. The plumes generally were transported
by the strong southerly winds toward the coast, although concentrations were relatively low
because of the large dilution by the strong wind. The CALMET wind interpolation procedure
can be seen in the area around DWP because the DWP RWP was recording more west-
southwesterly winds in the midst of generally southerly winds. CALMET causes the observed
west-southwesterly wind direction to strongly influence grids out to about 50 km from the
platform. Outside 50 km to 100 km, the winds do not deviate much from the southerly direction.

6.5.5 April 14-15, 2001: Onshore Wind Case Study

Overview: The April 15, 2001, case study was selected because the wind was onshore during
the period. The moderate surface winds caused the hypothetical tracers emitted from the
offshore platforms to be transported directly toward shore with relatively small lateral spreading.
As a result, the impact on onshore areas was confined to small areas.

Large-Scale Aloft (500 mb): The Gulf region was under a broad, weak upper-level ridge of
high pressure on April 14, which gave way to zonal flow across the Gulf Coast on April 15.

Large-Scale Surface: A nearly-stationary frontal boundary extended from northern Texas to
southern Georgia, with a weak area of low pressure developing in Texas on April 14 and 15. An
area of high pressure was also centered off of the western coast of Florida. Moderate
southerly/southwesterly winds on the April 14 and 15 were associated with the pressure
gradients between this area of high pressure and the lower pressure to the west.

Modeled 24-hr Forward Trajectories: The period, 0000 CST on April 13 through 0000 CST
on April 15, 2001, was dominated by southerly winds and consequently onshore transport from
all platforms in the Gulf of Mexico as depicted by trajectories calculated from both the
CALMET wind fields (using TRAJMOD) and EDAS wind fields (using HYSPLIT). At later
times, the onshore transport weakened and changed to nearly calm and then northerly and
easterly transport. As noted above, the onshore transport was caused by the anticyclonic
circulation of air around the high pressure centered off the western coast of Florida. Southerly
transport from each platform is seen at the 10-m level during the onshore transport period
(Figures 6-58 and 6-59). At 75 m, the onshore transport period indicated consistent southerly
transport from the SMI platform, but a more southwesterly component from the BIP and DWP
platforms (Figure 6-60 and 6-61). At 350 m, the onshore transport period was dominated by
southwesterly flow at all the sites (Figure 6-62 and 6-63). There was fair agreement (i.e.,
usually the directions agreed within about 20 or 30 degrees) between the TRAJMOD- and
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HYSPLIT-derived trajectories at the 10-m, 75-m, and 350-m levels. However, the HYSPLIT
trajectories suggest faster speeds than the TRAJMOD trajectories, consistent with the findings in
Section 6.1 that the EDAS model wind speeds (used for HYSPLIT) are a few m/s higher than the
RWP wind speeds (used by CALMET and TRAJMOD), with the difference increasing as
distance from shore increases.

Modeled CALPUFF Dispersion: The moderate southerly/southwesterly onshore flow on

April 14 caused the hypothetical emissions released from the SMI and BIP platforms to impact
onshore coastal areas (Figure 6-64). Emissions from DWP do not impact the coastline in the
domain shown on the figure. The estimated concentrations were higher in the DWP plume than
in the SMI or BIP plumes (Figure 6-64), probably due to lower mixing heights simulated by
CALMET at DWP (Figure 6-65). On April 15, the continued south/southwesterly flow near the
platforms caused the hypothetical emissions released from SMI and BIP to impact onshore
coastal areas, while emissions from DWP remained well offshore (Figure 6-66). The
concentrations in the simulated plumes from SMI and DWP were higher than in the plume from
BIP, probably due to lower wind speeds and lower mixing heights (Figure 6-67). The mixing
heights, z;, shown over water in Figures 6-65 and 6-67 are only 100 m or 200 m, which are much
lower than the observed values of 500 m or 600 m. The discrepancy is due to the fact that
CALPUFF uses only the mixing height formula for neutral conditions, where z; is proportional to
wind speed, and unrealistically ignores the contributions of convection over the water.

6.5.6 May 14-15, 2001: Spring Case Study with Light Winds and Regional High Ozone

Overview: This case study period was chosen because it featured high observed concentrations
of ozone across the coastal region. As is typical of high ozone scenarios, the period was
characterized by a surface high pressure area and light and variable winds. The hypothetical
tracers released from the platforms as a test of CALPUFF tended to be transported very slowly
and remain within 50 km to 100 km of the platforms during a 24-hr period. As a result the
concentrations were relatively high but remained offshore for the most part. The estimated
plume from BIP showed some coastal impact on both days, while the SMI plume impacted the
areas across the Mississippi River Delta on May 15.

Large-Scale Aloft (500 mb): The large-scale synoptic pattern for May 14-15 was dominated by
an upper-level ridge of high pressure. On May 14 the ridge was in place across the Central
Plains with the ridge axis extending into Texas. By May 15 the upper-level ridge of high
pressure began to weaken and move into the midwestern United States with the ridge axis
extending into Louisiana.

Large-Scale Surface: The light northeasterly/east-northeasterly surface winds across the Gulf
of Mexico on May 14 were associated with a large area of high pressure that encompassed the
entire east coast with the center located over eastern Kentucky and Tennessee. By May 15, the
region was still under the influence of the large, weak area of high pressure, which was now
centered over the southeastern United States. Wind speeds were weak at the beginning of the
period and weakened even more by May 15. However, a small anticyclonic circulation centered
south of the Louisiana/Texas border caused weak westerly flow for most of May 15.
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Modeled 24-hr Forward Trajectories: As seen in Figures 6-68 through 6-73, the trajectories
calculated from both the CALMET wind fields (using TRAJMOD) and EDAS wind fields (using
HYSPLIT) for the analysis period, May 14 at 0000 CST through 1600 CST on May 15, 2001,
indicated light and variable flow as a result of the large area of high pressure in place across the
Gulf of Mexico. During the period, flow was first from the northeast quadrant, then became
variable, and finally was from the west quadrant; the flow was weak at all times. However, very
weak winds were present during the middle of the period. As a result of the weak winds, the
calculated 24-hr trajectories remained in the Louisiana coastal area. The TRAJMOD- and
HYSPLIT-derived trajectories are in fair agreement, although, as seen in all the case studies and
described in Section 6.1, the speeds of the HYSPLIT trajectories are as much as a factor of two
larger than those calculated by TRAJMOD using the CALMET wind fields because CALMET
assimilates the RWP observations. On average, the RWP speeds are less than the EDAS speeds
(used in HYSPLIT), with the difference increasing as distance from the shore increases.

CALPUFF Modeled Dispersion: Light and variable winds (Figure 6-74), combined with low
mixing depths (Figure 6-75) contributed to the accumulation of hypothetical emissions near each
source platform on May 14 (Figure 6-74). A period of light winds from the northeast near BIP
caused hypothetical emissions to impact coastal regions of the Mississippi River Delta

(Figure 6-74). In fact, the dense part of the plume is very close to New Orleans. On May 15, the
flow remained very light with a slight onshore component due to the development of the small
anticyclonic circulation south of the Louisiana/Texas border. The combination of light winds
(Figure 6-76) and low mixing heights (Figure 6-77) again on May 15, along with minimal
dispersion of hypothetical emissions from the previous day, caused plumes containing high
concentrations of the hypothetical tracer to cover large areas and eventually impact coastal areas
of Louisiana and Alabama (Figure 6-76). In particular, the estimated path of the plume from BIP
could result in impact of relatively high concentrations on the Alabama coastal area. These
results suggest that, during light and variable wind conditions, plumes from the three platforms
would have high concentrations but would usually remain offshore. However, in a few
instances, it is possible that a persistent on-shore light wind for a few hours could cause
relatively high impact on a coastline or on an offshore island, although the underestimate of
mixing heights in CALMET produces higher relative pollutant concentrations than it should.

6.5.7 September 18-20, 2001: Nearly Stationary Front Along the Gulf Coast

Overview: Moderate south-southeasterly flow occurred in the Gulf of Mexico along the
Louisiana coast region on September 18, associated with a surface high located along the eastern
seaboard, and an approaching surface low. Consequently, hypothetical emissions released at
offshore locations impacted onshore areas on September 18. Later on September 19 and 20, a
stationary front developed over the coast and winds became light and variable, but with generally
an east to northeast drift. Consequently, the hypothetical tracer emissions were transported to the
northeast toward shore on September 19, but remained mostly offshore on September 20.
Concentrations were relatively high in the plumes on September 19 and 20 because of the light
winds. High concentrations were also due to the unrealistically low overwater mixing heights
estimated by CALMET, as discussed in previous case studies.
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Large-Scale Aloft (500 mb): The aloft pattern for this case study period was characterized by a
weak upper-level trough that moved out of the Rockies, across the Central Plains, and toward the
eastern seaboard. At the same time, an upper-level area of high pressure developed over
Mexico/western Gulf of Mexico and gradually began to influence the region throughout the case
study period.

Large-Scale Surface: The entire east coast was under the influence of a large area of high
pressure, while a surface area of low pressure began to develop over the Central Plains. South-
southeasterly flow across the region on September 18 was associated with the pressure gradient
between the surface high that was centered in Georgia and the surface low pressure over the
Central Plains. The area of low pressure began to move northeastward away from the Gulf
region on September 19, and the associated frontal boundary pushed closer to the region. By
September 20, the frontal boundary nearly stagnated along the Louisiana and Mississippi
coastline and an area of high pressure moved in behind the frontal boundary. This caused weak
and variable surface flow as the front boundary slowly passed to the south.

Modeled 24-hr Forward Trajectories: As seen in Figures 6-78 through 6-83, the trajectories
calculated from both the CALMET wind fields (using TRAJMOD) and the EDAS wind fields
(using HYSPLIT) for the analysis period, 0000 CST on September 18 through 1600 CST on
September 20, 2001, were consistent with the large-scale meteorological patterns influencing the
Gulf of Mexico as discussed above. The trajectories at all sites and heights on September 18
indicate onshore transport (due to the moderate southeast winds) originating at the platforms and
moving toward the Gulf Coast. As the frontal boundary approached the region on September 19
and the pressure gradients and winds weakened, the trajectories still had a slight onshore
component as the winds became southwesterly (Figures 6-78 through 6-83). As the nearly
stationary front slowly moved to the south, weak northerly winds occurred on September 20.
The general flow directions and transport speeds for the TRAJMOD- and HYSPLIT-derived
trajectories were quite similar, although the TRAJMOD-derived trajectory speeds were slightly
less than the HY SPLIT-derived trajectory speeds for offshore locations, as discussed in Section
6.1.

CALPUFF Modeled Dispersion: The moderate south-southeasterly flow that was present on
September 18 allowed the hypothetical emissions released from all three platforms (BIP, DWP,
SMI) to impact onshore areas (Figure 6-84). On that day, the hypothetical tracer emissions from
SMI and DWP affected coastal areas of Louisiana, while those emitted from BIP affected
Mississippi. The light southerly and southwesterly flow ahead of the approaching weak frontal
boundary on September 19 also caused hypothetical emissions from offshore platforms to impact
onshore coastal areas (Figure 6-85). The emissions from BIP and DWP reached the Mississippi
coastline on September 19, while lighter winds near SMI contributed to a broader plume with
higher concentrations which influenced parts of Louisiana (Figure 6-85). As the flow on
September 20 adopted more of a westerly component before giving way to flow with more of a
northerly component later in the day as a result of the passage of the weak front boundary, the
hypothetical emissions were transported offshore for the most part, with little influence on
onshore areas (Figure 6-86). Again, light wind speeds allowed the accumulation of emissions
near the platforms, which resulted in broad plumes being calculated by CALPUFF out over the
open waters of the Gulf of Mexico.
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6.6

CONCLUSIONS

This section summarizes the results discussed in Section 6. Sections 6.1 to 6.3

summarized the comparisons of RWP and EDAS winds and the procedures for running
CALMET and CALPUFF. Subsequent sections summarized the results of the seven case
studies:

1.

The EDAS-simulated wind fields and the observed RWP winds from six sites were
compared. EDAS is based on a combination of Eta model forecast winds and diagnostic
interpolations of observed winds but does not include RWP data. The comparison is
complicated because the EDAS simulations represent averages over a grid volume of size
about 40 km by 40 km by 100 m whereas the RWP observations represent an average
over a much smaller grid volume with a radius about 5 m; consequently, more turbulent
variations are expected in the observations than in the EDAS simulations. The mean
wind speed (WS) bias was near zero close to the shore but increased with offshore
distance, such that the EDAS mean WS exceeded the RWP mean wind speed by 1 to

2 m/s at 50 km offshore and by 2 to 6 m/s at 100 to 200 km offshore. Mean wind
direction (WD) bias was relatively small, with about a 10° to 20° difference (e.g., if the
RWP WD was 180°, then the EDAS WD would be 160°). Standard deviations of the
differences (with mean bias removed) were 1 to 2 m/s for WS and 20 to 40° for WD, in
agreement with findings for other domains and models (Hanna and Yang, 2001).

The CALMET diagnostic wind model was applied to the Gulf of Mexico domain using
RWP and other observations. Methods were devised for interpolating between missing
observations, especially for the vertical profiles of winds and temperature, since
CALMET has stringent requirements for data continuity. Furthermore, recommendations
were made for assumptions concerning length scales related to spatial interpolations. For
example, based on the evaluations of EDAS simulations and RWP observations (see

Item 1), a distance scale of 150 km from the observing location was chosen for the point
where RWP and EDAS simulations would have equal weight.

The procedure for applying the CALPUFF transport and dispersion model was described
in Section 6.3. Since actual source emission data were not available and no tracer studies
had been done, the CALPUFF runs were made using arbitrary assumptions for
hypothetical tracers from the three oil platforms, BIP, SMI, and SWP. The major model
outputs for analysis were contour plots of 24 hr average concentration.

Twenty-four hour trajectories of hypothetical emissions released from the three oll
platforms were calculated for several times at heights of 10 m, 75 m, and 350 m, using
(1) CALMET wind fields and an in-house STI trajectory model (TRAJMOD), and

(2) EDAS wind fields and the HYSPLIT trajectory model. However, the trajectory
comparisons were hampered by the truncation of the CALMET trajectories at the domain
boundary.

Seven multi-day case studies were analyzed using EDAS, HYSPLIT, CALMET, and
CALPUFF. These seven periods covered the range of representative synoptic conditions
and seasons, such as strong-wind January days and light-wind July days. Some general
conclusions may be drawn:
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The CALMET trajectories and the EDAS-HYSPLIT trajectories agree within 20° to
30° most of the time, although the speeds of the EDAS trajectories are larger by as
much as a factor of two (see the evaluations of mean biases under Item 1 above).
However, because the CALMET trajectories often truncate at the edges of the
CALMET domain, the comparisons with HYSPLIT trajectories are limited.

The CALPUFF-simulated plumes from the three oil platforms sometimes impact the
shoreline or the offshore islands, depending on wind direction. The concentrations are
higher during light winds, when dilution is less. It is fortunate that the most persistent
winds, associated with onshore impact near the same location for several hours, are
nearly always marked by high winds and consequently lower concentrations. When
winds are light and variable, the local centerline concentration may be higher, but the
plume does not remain long over a specific point.

The CALMET-CALPUFF estimates of overwater mixing depth were low, 100 to

200 m, in contrast to observed mixing depths of about 600 m. This factor of a three to
six difference causes overpredictions in relative pollutant concentrations because the
plume is constricted to the mixing layer. The underpredictions of mixing depth appear
to be due to the neglect of convective mixing processes offshore, where CALMET
currently assumes that the mixing depth is due solely to mechanical mixing and is,
therefore, proportional to wind speed.
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Figure 6-1. Gulf of Mexico study region with site locations for the six RWPs.
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Figure 6-2. Comparison of RWP wind speeds and directions with EDAS simulations: (a) wind
speed and direction mean bias, (b) mean standard deviation (STD), and (c) mean
absolute error (MAE) for all RWP sites shown in Figure 6.1.
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Figure 6-3. Locations of meteorological stations used to provide inputs to the CALMET
diagnostic meteorological model to derive three-dimensional wind fields and
other ABL parameters.
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Figure 6-4. CALMET modeling domain for the Gulf of Mexico coastal region from mid-Texas

to western Florida; 860 X 560 km (NX=172 and NY=112); 5-km horizontal grid
resolution.

Figure 6-5. EDAS modeling domain using a horizontal resolution of 40 km
(NX=185 X NY=129)
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Figure 6-7. Locations of oil platform (red stars) where the arbitrary hypothetical tracers were
assumed to be emitted for the air quality modeling exercise. The other symbols
represent CALPUFF meteorological measuring stations.
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CALMET 24-hr (CST) Forward Trajectories at 10-m

[ = 7/29/99 0000 |
— 7/20/99 0500

— 7/30/99 1600 |
7/31/99 0000
7/3199 0300 |

— 7/3199 1600 |

— 199 (00D

— 8/199 0500 |

Figure 6-8. CALMET 24-hr forward trajectory at 10 m based on CALMET diagnostic wind
fields for July 29 at 0000 CST through August 1, 1999, at 0800 CST. The RWP
observations are used in CALMET. Note that the trajectories terminate when
they reach the arbitrary boundary of the CALMET domain, even though the total
time period has not elapsed.

HYSPLIT 24-hr (CST) Forward Trajectories at 10-m
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Figure 6-9. HYSPLIT 24-hr forward trajectory at 10 m based on EDAS wind fields for
July 29 at 0000 CST through August 1, 1999, at 0800 CST. RWP observations
are not used in EDAS.
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CALMET 24-hr (CST) Forward Trajectories at 75-m
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Figure 6-10. CALMET 24-hr forward trajectory at 75 m based on CALMET diagnostic wind
fields for July 29 at 0000 CST through August 1, 1999, at 0800 CST. The RWP
observations are used in CALMET. Note that the trajectories terminate when
they reach the arbitrary boundary of the CALMET domain, even though the total
time period has not elapsed.
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Figure 6-11. HYSPLIT 24-hr forward trajectory at 75 m based on EDAS wind fields for
July 29 at 0000 CST through August 1, 1999, at 0800 CST. RWP
observations are not used in EDAS.
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CALMET 24-hr (CST) Forward Trajectories at 350-m
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Figure 6-12. CALMET 24-hr forward trajectory at 350 m based on CALMET diagnostic wind
fields for July 29 at 0000 CST through August 1, 1999, at 0800 CST. The RWP
observations are used in CALMET. Note that the trajectories terminate when
they reach the arbitrary boundary of the CALMET domain, even though the total
time period has not elapsed.

HYSPLIT 24-hr (CST) Forward Trajectories at 350-m
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Figure 6-13. HYSPLIT 24-hr forward trajectory at 350 m based on EDAS wind fields for
July 29 at 0000 CST through August 1, 1999, at 0800 CST. RWP observations
are not used in EDAS.
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DWP, and BIP ending on July 31, 1999, at 1600 CST. The same amount of

tracer is assumed to be released from each source.
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Figure 6-15. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
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Figure 6-16. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
DWP, and BIP ending on August 1 at 1700 CST. The same amount of tracer is
assumed to be released from each source.

CALMET 24-hr (CST) Forward Trajectories at 10-m
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Figure 6-17. CALMET 24-hr forward trajectory at 10 m based on CALMET diagnostic wind
fields for January 19 at 0000 CST through January 22, 2000, at 1600 CST. The
RWP observations are used in CALMET. Note that the trajectories terminate
when they reach the arbitrary boundary of the CALMET domain, even though
the total time period has not elapsed.
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HYSPLIT 24-hr (CST) Forward Trajectories at 10-m

L= Yisroo uso s =¢hrimted
e 1/19/00 1600 =

120/00 000G
s 1720000 OF00
L — 12000 1600

L21/00 0000
L/21/00 0800
w— 1/Z1/00 1600
— U200 0000
e L/22/00 0Z00
1/22/00 1600

Figure 6-18. HYSPLIT 24-hr forward trajectory at 10 m based on EDAS wind fields for
January 19 at 0000 CST through January 22, 2000, at 1600 CST. RWP
observations are not used in EDAS.

CALMET 24-hr (CST) Forward Trajectories at 75-m
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Figure 6-19. CALMET 24-hr forward trajectory at 75 m based on CALMET diagnostic wind
fields for January 19 at 0000 CST through January 22, 2000 at 1600 CST. The
RWP observations are used in CALMET. Note that the trajectories terminate
when they reach the arbitrary boundary of the CALMET domain, even though
the total time period has not elapsed.
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HYSPLIT 24-hr (CST) Forward Trajectories at 75-m
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Figure 6-20. HYSPLIT 24-hr forward trajectory at 75 m based on EDAS wind fields for
January 19 at 0000 CST through January 22, 2000 at 1600 CST. RWP
observations are not used in EDAS.

CALMET 24-hr (CST) Forward Trajectories at 350-m
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Figure 6-21. CALMET 24-hr forward trajectory at 350 m based on CALMET diagnostic wind
fields for January 19 at 0000 CST through January 22, 2000, at 1600 CST. The
RWP observations are used in CALMET. Note that the trajectories terminate
when they reach the arbitrary boundary of the CALMET domain, even though
the total time period has not elapsed.
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HYSPLIT 24-hr (CST) Forward Trajectories at 350-m
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Figure 6-22. HYSPLIT 24-hr forward trajectory at 350 m based on EDAS wind fields for
January 19 at 0000 CST through January 22, 2000, at 1600 CST. RWP
observations are not used in EDAS.

CALMET 24-hr (CST) Forward Trajectories at 10-m
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Figure 6-23. CALMET 24-hr forward trajectory at 10 m based on CALMET diagnostic wind
fields for January 22 at 0000 CST through January 25, 2000, at 0800 CST. The
RWP observations are used in CALMET. Note that the trajectories terminate
when they reach the arbitrary boundary of the CALMET domain, even though
the total time period has not elapsed.

6-34



HYSPLIT 24-hr (CST) Forward Trajectories at 10-m
H= i o o [ swmen ]

~ wso0 oo /f 2

L/23/00 0000
s 1/23/00 0Z00

L w— 1/23/00 1600
1/24/00 0000

1/24/00 0800
w— 1/24/00 1600
— L2500 D000
e 1/25/00 DR00

Figure 6-24. HYSPLIT 24-hr forward trajectory at 10 m based on EDAS wind fields for
January 22 at 0000 CST through January 25, 2000, at 0800 CST. RWP
observations are not used in EDAS.

CALMET 24-hr (CST) Forward Trajectories at 75-m
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Figure 6-25. CALMET 24-hr forward trajectory at 75 m based on CALMET diagnostic wind
fields for January 22 at 0000 CST through January 25, 2000, at 0800 CST. The
RWP observations are used in CALMET. Note that the trajectories terminate
when they reach the arbitrary boundary of the CALMET domain, even though
the total time period has not elapsed.
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HYSPLIT 24-hr (CST) Forward Trajectories at 75-m
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Figure 6-26. HYSPLIT 24-hr forward trajectory at 75 m based on EDAS wind fields for
January 22 at 0000 CST through January 25, 2000, at 0800 CST. RWP
observations are not used in EDAS.

CALMET 24-hr (CST) Forward Trajectories at 350-m
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Figure 6-27. CALMET 24-hr forward trajectory at 350 m based on CALMET diagnostic wind
fields for January 22 at 0000 CST through January 25, 2000, at 0800 CST. The
RWP observations are used in CALMET. Note that the trajectories terminate
when they reach the arbitrary boundary of the CALMET domain, even though
the total time period has not elapsed.
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HYSPLIT 24-hr (CST) Forward Trajectories at 350-m
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Figure 6-28. HYSPLIT 24-hr forward trajectory at 350 m based on EDAS wind fields for
January 22 at 0000 CST through January 25, 2000, at 0800 CST. RWP
observations are not used in EDAS.
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Figure 6-29. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
DWP, and BIP ending on January 20, 2000, at 1600 CST. The same amount of
tracer is assumed to be released from each source.

6-37



UTM N (krri

300 430 E00 Ta0 00 1050

UTM E (k)

Figure 6-30. CALMET-derived mixing heights for January 20, 2000, at 1400 CST.
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Figure 6-31. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
DWP, and BIP ending on January 21, 2000, at 1600 CST. The same amount of
tracer is assumed to be released from each source.
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Figure 6-32. CALMET-derived mixing heights for January 21, 2000, at 1400 CST.
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Figure 6-33. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
DWP, and BIP ending on January 22, 2000, at 1900 CST. The same amount of
tracer is assumed to be released from each source.
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Figure 6-35. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
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Figure 6-36. CALMET-derived mixing heights for January 23, 2000, at 1400 CST.
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Figure 6-37. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,

DWP, and BIP ending on January 24, 2000, at 1200 CST. The same amount of
tracer is assumed to be released from each source.
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DWP, and BIP ending on January 25, 2000, at 1400 CST. The same amount of

tracer is assumed to be released from each source.
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Figure 6-38. CALPUFF dispersion simulations for hypothetical tracers originating from SMI,
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